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This thesis attempts to address the application of microbial electrolysis 
cell (MEC), a novel biotechnology rising recently, to produce biomethane cost-
effectively and improve reductive dechlorination. 
Firstly, in order to study the methanogenic activities in the natural 
environment of Singapore, and better understand the anthropogenic and 
ecological as well as anthropogenic impact on the methanogenic population in 
mangrove sediments, several mangrove sediment samples along the coastlines 
were investigated by pyrosequencing of the mcrA gene. In addition, a redundancy 
analysis (RDA) was performed to reveal relationships between the structure of the 
various methanogenic communities (with 97% cutoff value) and environmental 
variables. The overall heterogeneity of the methanogenic activities residing in the 
tropical mangrove sediments could be largely explained by the effect of NH4+, as 
well as the concentrations of NO3-, Mg and Ca. This part served as a preliminary 
study for methane generation in MEC. 
Secondly, to achieve the optimal condition of the MEC reactor for 
biomethane generation, different electrode materials were tested to evaluate their 
performance and feasibility. Several highly recommended metal materials 
including tungsten, nickel and tantalum, together with cost-effective carbon 
materials such as carbon cloth and graphite plate were compared to figure out the 
suitable choice for the biomethane producing system. To further optimize the 
performance of the MEC reactor to achieve high level of methane production, 
reactor conditions including applied voltage and temperature were investigated. A 
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CH4 production rate of 716.2 mmol CH4/d/m
2 was achieved with pure culture of 
M. paynteri under -1.7 V and 37 ℃. This bioelectrocatalyzed reduction of carbon 
dioxide with microbial electrolysis cells (MECs) can use electricity to reduce 
carbon dioxide for biofuel generation, and the high expense in traditional biomass 
processing and conversion can be reduced.  
Lastly, attempting to make this MEC system more economically 
competitive, reductive dechlorination of tetrachloroethene (PCE) in MEC was 
investigated by applying different microbial sources from natural and domestic 
environment. Environmental samples were screened with dehalogenating 
potential and enrich them specifically with PCE. Then molecular techniques were 
applied to study the community and abundance difference among various sources, 
and suitable samples were selected to evaluate their dechlorinating activities in 
MEC. Pyrosequencing of total genomic DNA of MEC and biomass based culture 
were also used to study the community difference between MEC method and 
traditional biomass-based method for reductive dechlorination of PCE. Results 
showed that with only 1V applied potential and certain carbon source added, PCE 
dechlorination could be accelerated and the risk of producing toxic intermediates 
was considerably reduced. The bio-diversity and continuous electron donor 
supply achieved by MEC stimulation provide a better environment for reductive 
dechlorination. This part revealed that, apart from biofuel generation, MEC 
system could also be applied in other environmental research such as wastewater 




In summary, the methanogenic activities in Singapore mangrove 
sediments were deeply and thoroughly studied to evaluate the potentials for future 
strain isolation and biogas generation, and it was also crucial for understanding 
global methane fluxes and their contributions to global warming. Then, by 
applying a novel cost effective single-chamber membraneless microbial 
electrolysis cell, a pure culture of M. paynteri was able to reduce CO2 to produce 
CH4 using in situ produced H2 as electron donor. Meanwhile, to further explore 
the applications of this single-chamber MEC, it was applied to dechlorinate 
polychlorinated organic pollutant PCE by using environmental sources as biomass. 
Results proved that this technology can be widely utilized in environmental 
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1.1 Research background 
Over the past decades, the application of biotechnology has brought 
tremendous advances in industries, scientific researches and human activities. At 
its simplest, biotechnology is technology based on biology - biotechnology 
harnesses cellular and biomolecular processes to develop technologies and 
products that help improve our lives and the health of our planet. More than 18 
million farmers around the world use agricultural biotechnology to increase yields, 
prevent damage from insects and pests and reduce farming's impact on the 
environment. And more than 50 biorefineries are being built across North 
America to test and refine technologies to produce biofuels and chemicals from 
renewable biomass, which can help reduce greenhouse gas emissions. Many fuels 
and chemicals that could only be produced by chemical processes in the past now 
have the potential to be generated biologically using renewable resources (Danner 
& Braun, 1999; Hatti-Kaul et al., 2007). And microorganisms have been widely 
studied and applied in wastewater treatment process throughout the world. 
Microbial production of methane and reductive dehalogenation of halogenated 
compounds are such good examples, which have shown wide applications of 
biotechnologies in the industry and environmental protection. However, bio-
production of methane is still not economically competitive compared to 
petrochemical-derived production because of their drawbacks, and reductive 
bioremediation is also not systemically efficient for onsite pollution treatment due 
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to its low biomass and limited microbial community. So in this part, the 
importance of new biotechnologies and the challenges impeding its development 
of the corresponding microbial processes are discussed in the following 
subsections. 
 
1.1.1 Importance of biotechnology and challenge statement 
1.1.1.1 Development of biotechnology 
Biotechnology is the application of scientific and engineering principles to 
the processing of materials by biological agents to provide goods and services 
(Bud, 1994). From its inception, biotechnology has maintained a close 
relationship with society. Although now most often associated with the 
development of pharmaceuticals, historically biotechnology has been principally 
associated with food, addressing such issues as malnutrition and famine.  
Biotechnology arose from the field of zymotechnology or zymurgy, which 
began as a search for a better understanding of industrial fermentation, 
particularly beer. By World War I, however, zymotechnology would expand to 
tackle larger industrial issues, and the potential of industrial fermentation gave 
rise to biotechnology. In a book entitled Biotechnologie, a Hungarian named 
Károly Ereky developed a theme that would be reiterated through the 20th century: 
biotechnology could provide solutions to societal crises, such as food and energy 
shortages. For Ereky, the term "biotechnologie" indicated the process by which 
raw materials could be biologically upgraded into socially useful products 
(Fiechter, 2000).  
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This catchword spread quickly after the First World War, as 
"biotechnology" entered German dictionaries and was taken up abroad by 
business-hungry private consultancies as far away as the United States. Emil 
Siebel, the son of the founder of the Zymotechnic Institute, broke away from his 
father's company to establish his own called the "Bureau of Biotechnology," 
which specifically offered expertise in fermented nonalcoholic drinks (Bud, 1994). 
The belief that the needs of an industrial society could be met by fermenting 
agricultural waste was an important ingredient of the "chemurgic movement" 
(Fiechter, 2000). In the 1940s, penicillin was the most dramatic. While it was 
discovered in England, it was produced industrially in the U.S. using a deep 
fermentation process originally developed in Peoria, Illinois (Gordon et al., 1947). 
The enormous profits and the public expectations penicillin engendered caused a 
radical shift in the standing of the pharmaceutical industry. Beginning in the 
1950s, fermentation technology also became advanced enough to produce steroids 
on industrially significant scales (Čapek et al., 1966). Of particular importance 
was the improved semisynthesis of cortisone which simplified the old 31 step 
synthesis to 11 steps (Peterson et al., 1952). This advance was estimated to reduce 
the cost of the drug by 70%, making the medicine inexpensive and available 
(Vasic-Racki, 2006). Today biotechnology still plays a central role in the 
production of these compounds and likely will for years to come. 
Even greater expectations of biotechnology were raised during the 1960s 
by a process that grew single-cell protein. When the so-called protein gap 
threatened world hunger, producing food locally by growing it from waste seemed 
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to offer a solution. As there was no well-accepted term to describe the new foods, 
in 1966 the term "single-cell protein" (SCP) was coined at MIT to provide an 
acceptable and exciting new title, avoiding the unpleasant connotations of 
microbial or bacterial (Bud, 1994). In the late 1970s, biotechnology offered 
another possible solution to a societal crisis. The escalation in the price of oil in 
1974 increased the cost of the Western world's energy tenfold. In response, the 
U.S. government promoted the production of gasohol, gasoline with 10 percent 
alcohol added, as an answer to the energy crisis (Thackray, 1998). Biotechnology 
seemed to be the solution for major social problems, including world hunger and 
energy crises. However, both the single-cell protein and gasohol projects failed to 
progress due to varying issues including public resistance, a changing economic 
scene, and shifts in political power. Thus, in practice, the implications of 
biotechnology were not fully realized in these situations. But this would soon 
change with the rise of genetic engineering. 
The origins of biotechnology culminated with the birth of genetic 
engineering. There were two key events that have come to be seen as scientific 
breakthroughs beginning the era that would unite genetics with biotechnology. 
One was the 1953 discovery of the structure of DNA, by Watson and Crick, and 
the other was the 1973 discovery by Cohen and Boyer of a recombinant DNA 
technique by which a section of DNA was cut from the plasmid of an E. coli 
bacterium and transferred into the DNA of another (Grace, 2006). With the 
discovery of recombinant DNA by Cohen and Boyer in 1973, the idea that genetic 
engineering would have major human and societal consequences was born, soon 
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bringing biotechnology to the forefront of science in society, and the intimate 
relationship between the scientific community, the public, and the government 
would ensue. These debates gained exposure in 1975 at the Asilomar Conference, 
where Joshua Lederberg was the most outspoken supporter for this emerging field 
in biotechnology. By as early as 1978, with the development of synthetic human 
insulin, Lederberg's claims would prove valid, and the biotechnology industry 
grew rapidly. Each new scientific advance became a media event designed to 
capture public support, and by the 1980s, biotechnology grew into a promising 
real industry. In 1988, only five proteins from genetically engineered cells had 
been approved as drugs by the United States Food and Drug Administration 
(FDA), but this number would skyrocket to over 125 by the end of the 1990s. 
According to Burrill and Company, an industry investment bank, over 
$350 billion has been invested in biotech since the emergence of the industry, and 
global revenues rose from $23 billion in 2000 to more than $50 billion in 2005. 
The greatest growth has been in Latin America but all regions of the world have 
shown strong growth trends. By 2007 and into 2008, though, a downturn in the 
fortunes of biotech emerged, at least in the United Kingdom, as the result of 
declining investment in the face of failure of biotech pipelines to deliver and a 
consequent downturn in return on investment (Pearson, 2008). As the advance of 
existing biotechnologies and emerging new ones, this concept of utilizing 
bioprocess for human benefits will continue to bring significant changes into 




1.1.1.2 Application of environmental biotechnology 
Environmental biotechnology is a system of sciences and engineering 
knowledge related to the use of microorganisms and their products in the 
prevention, treatment, and monitoring of environmental pollution through solid, 
liquid, and gaseous wastes biotreatment, bioremediation of polluted environments, 
and biomonitoring of environmental and treatment processes. Biotechnological 
agents used in environmental biotechnology include Bacteria and Archaea, Fungi, 
Algae, and Protozoa. Bacteria and Archaea are prokaryotic microorganisms 
(Ivanov & Hung, 2010).  
Environmental biotechnology is biotechnology that is applied to and used 
to study the natural environment. Environmental biotechnology could also imply 
that one try to harness biological process for commercial uses and exploitation. 
The International Society for Environmental Biotechnology defines 
environmental biotechnology as "the development, use and regulation of 
biological systems for remediation of contaminated environments (land, air, 
water), and for environment-friendly processes (green manufacturing technologies 
and sustainable development)". It can simply be described as "the optimal use of 
nature, in the form of plants, animals, bacteria, fungi and algae, to produce 
renewable energy, food and nutrients in a synergistic integrated cycle of profit 
making processes where the waste of each process becomes the feedstock for 
another process".  
The International Assessment of Agricultural Knowledge, Science and 
Technology for Development (IAASTD) was a three-year international 
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collaborative effort (2005–2007) initiated by the World Bank in 2002, which 
evaluated the relevance, quality and effectiveness of agricultural knowledge, 
science, and technology, and the effectiveness of public and private sector 
policies and institutional arrangements. Science through the IAASTD has called 
for the advancement of small-scale agro-ecological farming systems and 
technology in order to achieve food security, climate change mitigation, climate 
change adaptation and the realization of the Millennium Development Goals. 
Environmental biotechnology has been shown to play a significant role in 
agroecology in the form of zero waste agriculture and most significantly through 
the operation of over 15 million biogas digesters worldwide. 
Humans have been manipulating genetic material for centuries. Although 
many benefits are provided by these manipulations, there can also be unexpected, 
negative health and environmental outcomes. Environmental biotechnology, then, 
is all about the balance between the applications that provide for these and the 
implications of manipulating genetic material (Vallero, 2015). Textbooks address 
both the applications and implications. Environmental engineering texts 
addressing sewage treatment and biological principles are often now considered to 
be environmental biotechnology texts. These generally address the applications of 
biotechnologies, whereas the implications of these technologies are less often 






1.1.1.2.1 Biotechnologies used in water treatment 
As the world’s increasing population and global climate change place 
unprecedented stresses on Earth’s freshwater systems, microbiological and 
chemical pollutants in our water will create acute challenges for environmental 
engineers and public health scientists. An understanding of the fate of chemical 
stressors – e.g. toxins, pharmaceuticals, trace contaminants – in both natural 
environments and manmade systems is sought to guide the development and 
enhancement of microbial transformation processes for the biological removal of 
pollutants from water, wastewater, and landfills.  Applications of environmental 
biotechnology encompass all facets of water quality engineering, including water 
supply, water quality modeling, pollution control, and process design of water and 
wastewater treatment operations. 
The main application of environmental biotechnology is the 
biodegradation of organic matter of municipal wastewater and 
biodegradation/detoxication of hazardous substances in industrial wastewater. It is 
known that approximately two-thirds of the hazardous substances of oil polluted 
soil and sludges, sulfur-containing wastes, paint sludges, halogenated organic 
solvents, non-halogenated organic solvents, galvanic wastes, salt sludges, 
pesticide-containing wastes, explosives, chemical industry wastewaters, and gas 
emissions can be treated by different biotechnological methods. Organic 
substances, synthesized in the chemical industry, are often difficult to biodegrade. 
Substances that are not produced naturally and are slowly/partially biodegradable 
are called xenobiotics. The biodegradability of xenobiotics can be characterized 
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by biodegradability tests such as rate of CO2 formation (mineralization rate), rate 
of oxygen consumption (respirometry test), ratio of BOD to COD (oxygen used 
for biological or chemical oxidation), and the spectrum of intermediate products 
of biodegradation. Other applications of environmental biotechnology are the 
prevention of pollution and restoration of water quality in reservoirs, lakes and 
rivers, coastal area, in aquifers of groundwater, and treatment of potable water. 
Areas of environmental biotechnology also include tests of toxicity and 
pathogenicity, biosensors, and biochips to monitor quality of environment, 
prevent hazardous waste production using biotechnological analogs, develop 
biodegradable materials for environmental sustainability, produce fuels from 
biomass and organic wastes, and reduce toxicity by bioimmobilization of 
hazardous substances.  
The pollution of water, soil, solid wastes, and air can be prevented or 
removed by physical, chemical, physicochemical, or biological (biotechnological) 
methods. The advantages of biotechnological treatment of wastes are as follows: 1. 
Biodegradation or detoxication of a wide spectrum of hazardous substances by 
natural microorganisms; 2. Availability of a wide range of biotechnological 
methods for complete destruction of hazardous wastes; 3. A diverse set of 
conditions that are suitable for biotechnological methods (Ivanov & Hung, 2010). 
The efficiency of actual biotechnological application depends on its design, 
process optimization, and cost minimization. Many failures have been reported on 
the way from bench laboratory scale to field full-scale biotechnological treatment 
because of the instability and diversity of both microbial properties and conditions 
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in the treatment system (Talley & Sleeper, 1997). In some cases, a combination of 
biotechnological and chemical treatments may be more efficient than one type of 
treatment (Ivanov et al., 2005; Ivanov et al., 2004). Efficient pre-treatment 
schemes, used prior to biotechnological treatment, include homogenization of the 
particles of solid or undissolved wastes in water, chemical oxidation of 
hydrocarbons by H2O2, ozone, or Fenton’s reagent, photochemical oxidation, and 
preliminary washing of wastes using surfactants. 
During the 1st generation of wastewater treatment, COD/BOD removal is 
main issue to be solved in biological process. After that, researchers and engineers 
carry on to 2nd generation of focusing on nutrients (nitrogen and phosphorus) 
removal. Nowadays, the aerobic and anaerobic wastewater treatment technologies 
combining principle biodegradation of organic matters and tertiary treatment of 
nutrients, is very mature and widely applied in most countries. Therefore 
researchers focus more on the safety of drinking water, and those trace amount of 
emerging contaminants, including PCBs, PPCPs, DBPs, antibiotics, etc., have 
drawn their attentions. The development of new biotechnologies and discovering 
new bioprocesses will become the major task in the future. 
 
1.1.1.2.2 Biotechnologies used in energy generation 
The idea that bioenergy will become the white knight of the 21st century 
is intuitively attractive, and receives much press, across a broad range of political 
and social agendas. However, on a detailed development level it remains unclear 
how bioenergy will allow a sustainable platform for continued world economic 
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growth. Einstein said that "problems cannot be solved by the same level of 
thinking that created them"—solutions to the energy crisis will require different 
ways of thinking. Shifting from a petro-driven economic base to a bio-based 
foundation is a significant challenge and success will require more than just 
"substitution" strategies. There is a need to clearly understand the magnitude of 
the problem, to accept that new breakthroughs in technology applications are 
required for any chance of success, and to acknowledge that acceptance of 
dramatic change is probably required before we can begin to build a more 
sustainable future. Currently, bioenergy and bio-based inputs account for less than 
5% of all basic inputs to the existing Western economy. While several 
government-industry initiatives have highlighted the issues and challenges, and 
some companies have also taken steps to embrace the emerging bio-industry, the 
pace of change may be too slow. Moving from 5% of inputs to >50% of inputs in 
less than 20 years is a "moon-shot" type of challenge. 
The current use of biomass for biofuels is heavily focused on the 
development of complex conversion technologies, typically involving a 
fermentation step. First, it is important to define what "biomass" really means—
while there are several meanings being associated with this word, for the purposes 
of this article biomass is taken as any output from primary production (i.e., plant 
materials). Traditional biomass can make a useful contribution to bioenergy 
production and, in recent years, biofuels have been on the leading edge of 
developments. It is only very recently that the first indications of change in the 
feedstock have appeared.  
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Biotechnology is a tool that provides an opportunity to design and 
optimize the feedstock materials and the microbial bioconversions in the process. 
The preceding comments are focused on ethanol only because it is currently the 
major biofuel. A very analogous situation exists for biodiesel where the market 
potential is high but limited by the current overall economics. Strategies that 
focus on stacking industrial traits, for example, in specifically-designed non-feed 
soybeans, could open the door to directed design for improvements in subsequent 
bioenergy use. There is much written about the future potential of a "hydrogen 
economy." Nevertheless, it is widely recognized that some inherent technical 
hurdles may take 10 – 15 years to resolve. Assuming success with those, there 
remains a need to have an energy source (hydrogen is an energy carrier, not a 
source) to drive the hydrogen economy. In schools of thought, the current 
assumption is that fossil fuels (reformulated natural gas) will be the main source, 
which seems to be a self-defeating achievement. Biotechnology could also be a 
valuable tool to explore the possibilities of improved solar energy capture via 
plants with biosynthesis of material that facilitate energy transfer to hydrogen. 
Currently, a number of bio-based products are made from various parts of 
different crops. The classic example is pulp/paper from lignocellulosic biomass. 
Others include specialty fibers, adhesives, boards, veggie-candles, crayons, and 
additives. However, to-date, and with the exception of paper, most have been 
small niche products due to difficulties in processing and/or product performance 
issues. Biotechnology really opens several new doors to creating "natural" bio-
based products that are viable in contributing to a more sustainable 
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future. Microbial production of four-carbon alcohols (butanol and 2,3-butanediol ) 
produced by microbial acetone-butanol-ethanol (ABE) fermentation are such 
good examples, which have shown wide application in the industry and also listed 
in the top 30 industrial organic chemicals used in the USA (Ragauskas et al., 
2006). Biomethane (CH4), as the major fuel gas, is produced by the process of 
anaerobic digestion of organic materials by anaerobes from biodegradable waste 
materials or by the use of energy crops fed into anaerobic digesters to supplement 
gas yields. In the United States, 2.6 million tons of methane is collected annually 
in the landfills, 70% of which is used to generate heat and/or electricity. For the 
estimated global landfilling of 1.5 billion tons annually, the corresponding rate of 
methane generation at landfills is 75 billion Nm3 (Themelis & Ulloa, 2007). In 
order to relieve the emission of greenhouse gas, many biofuel researchers are now 
focusing on the converting CO2 to methane, utilizing microbes such as 
methanogens and electricity driven setups to improve the efficiency. 
Biotechnology can make a significant difference to the success of a sustainable 
bio-system for the future. 
 
1.1.1.3 Challenge in environmental biotechnology 
In recent years, biotechnology has experienced an unprecedented 
revolution. The techniques that have been developed up until now, particularly in 
genetics, are opening up a wide range of new lines of research and promising 
applications. At the same time, these advances are uncovering new challenges for 
the field.  
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From the perspective of technology, for example, as for traditional 
biomass-based liquid fuel production, the whole process still not economically 
competitive compared to petrochemical-derived production because of its major 
drawbacks, such as, high cost of the feedstocks and lignocelluloses-degrading 
enzymes, low butanol concentration in the fermentation broth and the co-
production of low-value by-products (acetone and ethanol). Traditional microbial 
ABE fermentation uses starchy feed-stocks (such as corn) or molasses as 
preferred substrates.  However, utilization of such substrate is impeded by its high 
cost. The inefficiency of the bacteria in the utilization of pentose in the 
lignocellulosic hydrolysate and cost of lignocellulose-degrading enzymes limited 
the scale up of ABE fermentation. The tolerance of microbes to their products is 
always one of the issues widely focused on biological production of chemicals 
and biofuels. And the existence of by-products (acetone and ethanol) impacts the 
economics of ABE fermentation: they are much less profitable than butanol and, 
to separate these three products, a continuous distillation method utilizing a series 
of distillers has to be used.   
Regarding to the whole bioenergy market, Biofuel mandates in the 
developed world have been linked to rising food prices globally— resulting in 
demands that biofuel production be stopped or constrained. The expansion of 
irrigation systems and greater access to untapped surface and groundwater 
resources through the use of bioenergy powered pumps may be an important 
option in some regions. Moreover, certain bioenergy feedstocks can improve 
water retention in fragile soils, thus improving water access for neighboring plants 
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and countering desertification. Another risk of bioenergy development is the 
tendency toward large industrial projects, given the economies of scale. Last but 
not least, the lack of infrastructure, gaps in knowledge base, slow progress in R & 
D, climate changes worldwide, trades and standards all remained to be improved.  
Significant opportunities exist for bioenenergy development throughout 
the world. These include leveraging of technology advances, supporting the 
modernization and diversification of the agricultural sector, enhancing energy 
access, improving energy security, accelerating economic development and 
employment, bettering the role of women, improving health benefits, enhancing 
land degradation, and improving waste management. Nonetheless, a number of 
barriers hinder advancement of these technologies: food and fuel issues, water 
availability, land access and land rights, scale of production, lack of infrastructure, 
insufficient knowledge base, research and development support, trade and 
standards, and climate change adaptation. 
Similar challenges also exist in the wastewater treatment via 
environmental biotechnology. We have reached the removal of organic matters 
and nutrients, but the energy consumption still remains high. Wastewater 
treatment is estimated to consume 2 - 3% of a developed nation’s electrical power, 
or approximately 60 tWh (terawatt hours) per year. In municipal wastewater 
treatment, the largest proportion of energy is used in biological treatment, 
generally in the range of 50 - 60% of plant usage. Changes in biological treatment 
processes have the potential to significantly reduce the energy demand at a 
treatment plant. Besides, emerging contaminants, defined as compounds that are 
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not currently covered by existing regulations of water quality, have not been 
previously studied and are thought to be a possible threat to environmental health 
and safety in waterbody (Ferrer & Thurman, 2003). Based on this broad definition, 
emerging contaminants consist of diverse compounds, such as human and 
veterinary pharmaceuticals, personal care products, surfactants and surfactant 
residues, pesticide degradates, plasticizers, and various industrial additives. It is 
only in recent years that the negative impacts of these contaminants on the 
environment have started to raise concern among the public, although most of 
these pollutants have been existent in the environment for decades. Thus, the 
concerns for these contaminants are emerging (Daughton, 2004).  
Nevertheless, the exact effects of many pollutants on humans and aquatic 
ecosystems are not well understood. Among the contaminants, halogenated 
organic compounds are the most widely distributed, which include chloroethenes, 
chloroethanes, chlorophenols, chlorobenzenes, polychlorinated biphenyls (PCBs), 
and polybrominated diphenyl ethers (PBDEs), and polychlorinated-dibenzo-p-
dioxins/dibenzofurans (PCDD/Fs) (Bayen et al., 2005; Holliger et al., 2004). Out 
of these halogenated compounds, halogenated organic solvents, e.g. 
tetrachloroethene (PCE), trichloroethene (TCE), 1,2-dichloroethane (1,2-DCA), 
and 1,1,1-trichloroethane (TCA) have been widely used in various industries, e.g. 
metal processing, degreasing, electronics, dry cleaning and paint, paper and textile 
manufacturing (Abelson, 1990). These compounds are extremely dangerous and 
toxic to human beings. Current biological wastewater treatment does not have the 
capacity to deal with these emerging contaminants. Therefore, much attention has 
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been given to the cost-effective, controlled, fast and complete in situ 
bioremediation technologies simultaneously for these co-existing solvents. 
 
1.1.2 Importance of molecular techniques in environmental engineering 
Molecular microbiology is the branch of microbiology devoted to the 
study of the molecular basis of the physiological processes that occur in 
microorganisms. These extraordinary techniques provide biofuel researchers 
better tools to dig inside microbes, to figure out the mechanisms and pathways in 
wastewater treatment and biofuel production, and to manipulate them by 
bioengineering methods. By PCR-based techniques such as clone library or 
barcoded pyrosequencing, microbial diversity of certain groups of microbes can 
been determined in biomass, even some new strains in natural environment. 
Besides that, proteomics, metabolomics and transcriptomics are used to study 
proteins, metabolites and genes respectively involved in biofuel production. By 
having a better understanding of these, the key steps can be determined to 
facilitate bioengineering study. 
 
1.1.2.1 Development of molecular techniques 
The polymerase chain reaction (PCR) is a revolutionary biochemical 
technology in molecular biology developed by Kary Mullis in the 1980s and can 
be used to amplify a single or a few copies of a piece of DNA across several 
orders of magnitude, generating thousands to millions of copies of a particular 
DNA sequence (amplicons) based on using the ability of DNA polymerase. Since 
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DNA polymerase can add a nucleotide only onto a preexisting 3'-OH group, it 
needs a primer to which it can add the first nucleotide. This requirement makes it 
possible to delineate a specific region of template sequence that the researcher 
wants to amplify. The whole method relies on thermal cycling, consisting of 
cycles of repeated heating and cooling of the reaction for DNA melting and 
enzymatic replication of the DNA. It can be extensively modified to perform a 
wide array of genetic manipulation. In recent years, quantitative PCR (also called 
real-time PCR, RT-PCR) has been widely adopted in microbiology labs. RT-PCR 
differs from conventional PCR in the detection process, which amplifies and 
simultaneously quantifies a targeted DNA molecule. 
Molecular cloning is a set of experimental methods in molecular biology 
that are used to assemble recombinant DNA molecules and to direct their 
replication within host organisms. Distinct from cell cloning and whole animal 
cloning, the objective of this process is to allow the analysis and understanding of 
structure, function and regulation of individual genes. Molecular cloning 
generally uses DNA sequences from two different organisms: the species that is 
the source of the DNA to be cloned, and the species that will serve as the living 
host for replication of the recombinant DNA. It provides scientists with an 
essentially unlimited quantity of any individual DNA segments derived from any 
genome. Combined with PCR technology and DNA sequencing, molecular 
cloning can serve as an efficient tool for phylogenetic analysis of certain 
microbial community by creating a clone library, which can be applied to study 
biomass composition in biofuel production. 
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DNA sequencing provides the function to determine the precise order of 
nucleotides (the four bases: adenine, guanine, cytosine, and thymine) within a 
DNA molecule. Knowledge of DNA sequences has become indispensable for 
basic biological research, and in numerous applied fields such as diagnostic, 
biotechnology, forensic biology, and biological systematics. DNA sequencing is 
generally used to determine the sequence of individual genes, larger genetic 
regions (i.e. clusters of genes or operons), full chromosomes or entire genomes. 
The resulting sequences are usually used by researchers in molecular biology or 
genetics to further scientific progress. 
Pyrosequencing is one method of DNA sequencing based on the 
"sequencing by synthesis" principle. It relies on the detection of pyrophosphate 
release on nucleotide incorporation, rather than chain termination with 
dideoxynucleotides. "Sequencing by synthesis" principle means taking a single 
strand of the DNA to be sequenced and then synthesizing its complementary 
strand enzymatically. The pyrosequencing method is based on detecting the 
activity of DNA polymerase (a DNA synthesizing enzyme) with another 
chemiluminescent enzyme. The pyrosequencing business line was acquired by 
Qiagen in 2008. Pyrosequencing technology was further licensed to 454 Life 
Sciences. 454 developed an array-based pyrosequencing technology (now 
acquired by Roche Diagnostics) which has emerged as a platform for large-scale 
DNA sequencing. Most notable are the applications for genome sequencing and 
metagenomics. 454 pyrosequencing is able to achieve 700 bp read length and 1 
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million reads per run, with an accuracy over 99.9%, presenting its advantage of 
fast and long read size as well as its disadvantage of expensive cost. 
Metagenomics is the study of metagenomes, genetic material recovered 
directly from environmental samples. The broad field may also be referred to as 
environmental genomics, ecogenomics or community genomics. Kevin Chen and 
Lior Pachter, researchers at the University of California, Berkeley, defined 
metagenomics as "the application of modern genomics techniques to the study of 
communities of microbial organisms directly in their natural environments, 
bypassing the need for isolation and lab cultivation of individual species" (Chen 
& Pachter, 2005). Traditional microbiology and microbial genome sequencing 
and genomics usually rely upon cultivated clonal cultures (specific genes cloned, 
usually 16S rRNA gene), which revealed that the vast majority of microbial 
biodiversity has been missed by culture-based methods. Fortunately, 
metagenomics offers a powerful lens for viewing the microbial world owing to its 
ability to get largely unbiased samples of all genes from all the members of the 
sampled communities. Metagenomic analysis contains two major steps, 
sequencing and bioinformatics. There are two kinds of sequencing methods 
utilized in metagenomic study, shotgun sequencing and high-throughput 
sequencing. Shotgun metagenomics is capable of sequencing nearly complete 
microbial genomes directly from the environment. Since the collection of DNA 
from an environment is considerably uncontrolled, the most abundant organisms 
in an environmental sample are most highly represented in the resulting sequence 
data. Another method, high-throughput sequencing is a metagenomic study that 
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uses massively parallel 454 pyrosequencing. With shorter read lengths (~400 bp) 
but larger number of sequence reads provides in this method, pyrosequenced 
metagenomes can generate 200–500 megabases. An additional advantage to short 
read sequencing is that this technique does not require cloning the DNA before 
sequencing, removing one of the main biases in environmental sampling. 
Metagenomics has been widely used microbial community studies of biofuel 
production (Li et al., 2009; Rubin, 2008; Xing et al., 2012), wastewater treatment 
(Zhang et al., 2011) and mangrove sediment ecology (Andreote et al., 2012; Pires 
et al., 2012). 
Transcriptomics, also referred to as expression profiling, examines the 
expression level of mRNAs in a given cell population. Proteomics is the large-
scale study of proteins, particularly their structures and functions (Anderson & 
Anderson, 1998; Blackstock & Weir, 1999).  Metabolomics is the scientific study 
of chemical processes involving metabolites. Only one of these three studies 
cannot comprehensively tell the whole story of what might be happening in a cell, 
but together they offer a more complete picture of living organism in systems 
biology and functional genomics. After genomics and transcriptomics, proteomics 
becomes the next step in the study of biological systems. The world proteome is a 
blend of protein and genome, referring to the entire complement of proteins. It 
includes the modifications made to a particular set of proteins, produced by an 
organism or system, and varies with time and distinct requirements, or stresses, 
that a cell or organism undergoes. Fluorescence two-dimensional differential gel 
electrophoresis is one of the methods widely utilized in proteomic studies (Tonge 
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et al., 2001). While transcriptomics and proteomic analysis do not tell the whole 
story of what might be happening in a cell, metabolic profiling can give an 
instantaneous snapshot of the physiology of that cell. Metabolites are the 
intermediates and products of metabolism. Within the context of metabolomics, a 
metabolite is usually defined as any molecule less than 1 kDa in size (Samuelsson 
& Larsson, 2008). Metabolome refers to the complete set of small-molecule 
metabolites (such as metabolic intermediates, hormones and other signaling 
molecules, and secondary metabolites) to be found within a biological sample 
(Griffin & Vidal-Puig, 2008; Oliver et al., 1998). The metabolome forms a large 
network of metabolic reactions, where outputs from one enzymatic chemical 
reaction are inputs to other chemical reactions. Metabolomics can be an excellent 
tool for determining the phenotype caused by a genetic manipulation, such as 
gene deletion or insertion.  
 
1.1.2.2 Application of molecular microbiology 
Molecular microbiology techniques are currently being used in the 
development of new genetically engineered vaccines, in bioremediation, 
biotechnology, food microbiology, probiotic research, antibacterial development 
and environmental microbiology. In many cases where traditional phenotypic 
methods of microbial identification and typing are insufficient or time-consuming, 
molecular techniques can provide rapid and accurate data, potentially improving 
clinical outcomes. Specific examples include 16s rRNA sequencing to provide 
bacterial identifications, Pulsed Field Gel Electrophoresis for strain typing of 
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epidemiologically related organisms, direct detection of genes related to 
resistance mechanisms, such as mecA gene in Staphylococcus aureus. 
Polymerase chain reaction (PCR) is used in microbiology to amplify 
(replicate many times) a single DNA sequence. If required, the sequence can also 
be altered in predetermined ways. Quantitative PCR is used for the rapid detection 
of microorganisms and is currently employed in diagnostic clinical microbiology 
laboratories, environmental analysis, food microbiology, and many other fields 
(Mackay, 2007). The closely related technique of quantitative PCR permits the 
quantitative measurement of DNA or RNA molecules and is used to estimate the 
densities of the reference pathogens in food, water and environmental samples. 
Quantitative PCR provides both specificity and quantification of target 
microorganisms (Filion, 2012). After conventional PCR, gel electrophoresis is 
used routinely in microbiology to separate DNA, RNA, or protein molecules 
using an electric field by virtue of their size, shape or electric charge. Southern 
blotting, northern blotting, western blotting and Eastern blotting are molecular 
techniques for detecting the presence of microbial DNA sequences (Southern), 
RNA sequences (northern), protein molecules (western) or protein modifications 
(Eastern). With development of molecular technique, DNA microarrays are then 
used in microbiology as the modern alternative to the "blotting" techniques. 
Microarrays permit the exploration of thousands of sequences at one time. This 
technique is used in molecular microbiology to detect the presence of pathogens 
in a sample (air, water, organ tissue, etc.). It is also used to determine the genetic 
differences between two microbial strains (Herold & Rasooly, 2009). DNA 
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sequencing and genomics have been used for many decades in molecular 
microbiology studies. Due to their relatively small size, viral genomes were the 
first to be completely analysed by DNA sequencing. A huge range of sequence 
and genomic data is now available for a number of species and strains of 
microorganisms. 
 
1.2 Research objectives 
This thesis attempts to address the application of microbial electrolysis 
cell (MEC), a novel biotechnology rising recently, to produce cost-effective 
biomethane and improve reductive dechlorination. The specific aims with regards 
to biomethane generation in a self-designed microbial electrolysis cell are 
specified below, while that for improved reductive dechlorination is provided in 
the latter section. 
1) To study the methanogenic activities in the natural environment of 
Singapore so that the potential of strains selection can be evaluated, 
and better understand the anthropogenic and ecological impact on the 
methanogenic population in mangrove sediments, several samples 
along the north and south coastlines of Singapore will be investigated 
by quantification of the mcrA gene level. In addition, a principle 
component analysis (PCA) will be performed to reveal relationships 




2) To achieve the optimal condition of this MEC reactor for biomethane 
generation, different electrode materials will be tested to evaluate their 
performance and feasibility. Several highly recommended metal 
materials including tungsten, nickel and tantalum, together with cost-
effective carbon materials such as carbon cloth and graphite plate will 
be compared to figure out the suitable choice for the biomethane 
producing system. To further optimize the performance of the MEC 
reactor to achieve high level of methane production, reactor conditions 
including applied voltage and temperature will be investigated. This 
bioelectrocatalyzed reduction of carbon dioxide with microbial 
electrolysis cells (MECs) can use electricity to reduce carbon dioxide 
for biofuel generation, and expensive biomass processing and 
conversion costs can be saved. 
To make this MEC system more economically competitive, this reactor 
needs to be tested for other environmental applications. Reductive dechlorination 
of tetrachloroethene (PCE) in MEC was investigated by applying different 
microbial sources from natural and domestic environment. The specific scope of 
the study is: 
3) To screen samples with dehalogenating potential and enrich them 
specifically with PCE. Then molecular techniques will be applied to 
study the community and abundance difference among various sources, 
and suitable samples will be selected to evaluate their dechlorinating 
activities in MEC. Pyrosequencing of total genomic DNA of MEC and 
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biomass based culture will also be used to study the community 
difference between MEC method and traditional biomass-based 
method for reductive dechlorination of PCE. 
 
1.3 Organization of thesis 
The thesis is subdivided into the following chapters, each defining a 
specific area of study that contributed to meeting the overall objective.  Each 
chapter will contain individual introduction, materials and methods, results and 
discussion section specific to the area of study. 
Chapter 2: Literature review 
This chapter provides a comprehensive review of development and 
advances of MEC system, biomethane generation and reductive 
dechlorination. 
Chapter 3: Spatial variations of the methanogenic activities in the 
sediments of tropical mangroves in Singapore 
This chapter demonstrates an overall heterogeneity of the methanogenic 
abundances residing in the tropical mangrove sediments and its connection 
with accumulated effects of different environmental factors.  
Chapter 4: Bioelectrocatalyzed reduction of carbon dioxide in single-
chamber microbial electrolysis cells 
This chapter illustrates the development and optimization of a cost-
effective single-chamber MEC for bioelectrocatalyzed reduction of carbon 
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dioxide to generate methane. Key impact factors are investigated and 
optimized to reach the optimal performance of the system. 
Chapter 5: Reductive Dechlorination of Tetrachloroethylene (PCE) in 
Membraneless Single-chamber Microbial Electrolysis Cell 
This chapter exhibits the dehalogenating activity in environment samples 
and the availability of using MEC for wastewater treatment which contain 
those halogenated compounds. Microbial community differences between 
traditional biomass enrichment and MEC for reductive dehalogenation are 
compared.  
Chapter 6: Conclusion and recommendations 






Background and Literature Review 
2.1 Microbial production of methane 
Microbial production of methane, also termed as methanogenesis or 
biomethanation, is the formation of methane by microbes known as methanogens. 
The production of methane is an important and widespread form of microbial 
metabolism. In most environments, it is the final step in the decomposition of 
biomass. Biomethane (CH4), as the major fuel gas, is produced by the process of 
anaerobic digestion of organic materials by anaerobes from biodegradable waste 
materials or by the use of energy crops fed into anaerobic digesters to supplement 
gas yields. The solid byproduct, digestate, can be used as a biofuel or a fertilizer. 
Biomethane can not only be used to generate electricity on sewage works, but also 
potentially help reduce global climate change. There are more than one thousand 
landfills collecting biogas worldwide. In the United States, 2.6 million tons of 
methane is collected annually in the landfills, 70% of which is used to generate 
heat and/or electricity. For the estimated global landfilling of 1.5 billion tons 
annually, the corresponding rate of methane generation at landfills is 75 billion 
Nm3 (Themelis & Ulloa, 2007).  
This review focused on characteristics of methanogenesis, factors which 
may influence biomethane generation and advances in producing technologies 





2.1.1 Characteristics of biomethane production 
2.1.1.1 History of biomethane production 
The production biomethane is always linked to the development of biogas 
generation. Biogas typically refers to a gas produced by the breakdown of organic 
matter in the absence of oxygen, comprising primarily methane, carbon dioxide 
and small amounts of hydrogen sulphide, moisture and siloxanes. It is a renewable 
energy source and in many cases exerts a very small carbon footprint. Biogas is 
primarily methane (CH4) and carbon dioxide (CO2) and may have small amounts 
of hydrogen sulfide (H2S), moisture and siloxanes. The gases methane, hydrogen, 
and carbon monoxide (CO) can be combusted or oxidized with oxygen. This 
energy release allows biogas to be used as a fuel; it can be used for any heating 
purpose, such as cooking. It can also be used in a gas engine to convert the energy 
in the gas into electricity and heat. Biogas can be compressed, the same way 
natural gas is compressed to CNG (compressed natural gas), and used to power 
motor vehicles. In the UK, for example, biogas is estimated to have the potential 
to replace around 17% of vehicle fuel. It qualifies for renewable energy subsidies 
in some parts of the world. Biogas can be cleaned and upgraded to natural gas 
standards, when it becomes biomethane. 
Also known as “green gas”, biomethane is produced from organic waste. 
It is a 100% renewable energy source produced by the natural breakdown of 
organic material: green waste, household waste, agricultural waste, food industry 
waste and even industrial waste. The process of breaking down this material in an 
oxygen-free environment produces biogas, which is then purified to become 
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biomethane. This can then be used as a vehicle fuel, distributed in the mains gas 
supply or used to generate green power. Its properties are similar to those of 
natural gas, making it suitable for use as vehicle fuel and in heating applications. 
It also has its own specific benefits, the most important of which is its non-
toxicity. There are several advantage of biomethane, which are listed below: 
1) It can help reduce greenhouse gas emissions and improve air quality. It 
could help France reach the 3×20 targets to which it has committed 
and meet the objective of an integration of 10% of fuel from renewable 
sources in transportation by 2020. 
2) Production of this renewable energy can be decentralized: biomethane 
is the renewable part of natural gas and can be used in exactly the 
same way. It is just as easy to transport as it is to use locally. 
3) Its use will create local employment that cannot be delocalized. 
4) It will contribute to the commitments of industrial players and local 
authorities. 
The history of biomethane can be illustrated by the development of 
production process. There are three generations of biomethane production, 
differentiated by the organic matter used and the transformation process (Figure 
2.1). First-generation biomethane produced by decomposition comes from the 
anaerobic decomposition of organic waste, which is the result of the natural 
breakdown of organic matter. This raw or slightly pre-treated gas is called biogas, 
and can be used locally to produce electricity, heat, or both in a combined-cycle 
process. After further purification, the biogas becomes biomethane, 100% 
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renewable energy of the same quality as natural gas, which can be used in 
vehicles or injected into the natural gas network. Second-generation biomethane is 
produced by gasification from ligno-cellulosic biomass (wood and straw), using a 
“thermochemical conversion” process. This process is carried out in two stages, 
converting biomass into synthetic gas and then transforming it into biomethane by 
catalytic synthesis. Third-generation biomethane comes from the direct 
transformation of micro-algae cultivated in high-yield photosynthetic reactors 
using natural light, water and minerals, while recycling CO2. This is an emerging 
technology due to be developed on an industrial scale by 2020-2030. In order to 
relieve the emission of greenhouse gas, many biofuel researchers are now 
focusing on the converting CO2 to methane, utilizing microbes such as 




Figure 2.1 Anaerobic degradation of organic matter and the formation of 
biomethane (Formolo, 2010). 
 
With the many benefits of biogas, it is starting to become a popular source 
of energy and is starting to be used in the United States more. In 2003, the United 
States consumed 147 trillion BTU of energy from "landfill gas", about 0.6% of 
the total U.S. natural gas consumption. Methane biogas derived from cow manure 
is being tested in the U.S. According to a 2008 study, collected by the Science and 
Children magazine, methane biogas from cow manure would be sufficient to 
produce 100 billion kilowatt hours enough to power millions of homes across 
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America. Furthermore, methane biogas has been tested to prove that it can reduce 
99 million metric tons of greenhouse gas emissions or about 4% of the 
greenhouse gases produced by the United States.  
The level of development varies greatly in Europe. While countries such 
as Germany, Austria and Sweden are fairly advanced in their use of biogas, there 
is a vast potential for this renewable energy source in the rest of the continent, 
especially in Eastern Europe. Different legal frameworks, education schemes and 
the availability of technology are among the prime reasons behind this untapped 
potential. Another challenge for the further progression of biogas has been 
negative public perception. In February 2009, the European Biogas Association 
(EBA) was founded in Brussels as a non-profit organization to promote the 
deployment of sustainable biogas production and use in Europe. EBA's strategy 
defines three priorities: establish biogas as an important part of Europe’s energy 
mix, promote source separation of household waste to increase the gas potential, 
and support the production of biomethane as vehicle fuel. In July 2013, it had 60 
members from 24 countries across Europe.  
As of September 2013, there are about 130 non-sewage biogas plants in 
the UK. Most are on-farm, and some larger facilities exist off-farm, which are 
taking food and consumer wastes. On 5 October 2010, biogas was injected into 
the UK gas grid for the first time. Sewage from over 30,000 Oxfordshire homes is 
sent to Didcot sewage treatment works, where it is treated in an anaerobic digester 
to produce biogas, which is then cleaned to provide gas for approximately 200 
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homes. In 2015 the Green-Energy company Ecotricity announced their plans to 
build three grid-injecting digesters.  
Germany is Europe's biggest biogas producer and the market leader in 
biogas technology. In 2010 there were 5,905 biogas plants operating throughout 
the country; Lower Saxony, Bavaria and the eastern federal states are the main 
regions. Most of these plants are employed as power plants. Usually the biogas 
plants are directly connected with a CHP which produces electric power by 
burning the bio methane. The electrical power is then fed into the public power 
grid. In 2010, the total installed electrical capacity of these power plants was 
2,291 MW. The electricity supply was approximately 12.8 TWh, which is 12.6% 
of the total generated renewable electricity. 
Biogas production also develops very rapidly in developing nations, such 
as India and China. Biogas in India has been traditionally based on dairy manure 
as feed stock and these "gobar" gas plants have been in operation for a long period 
of time, especially in rural India. In the last 2-3 decades, research organizations 
with a focus on rural energy security have enhanced the design of the systems 
resulting in newer efficient low cost designs such as the Deenabandhu model. On 
the other hand, the Chinese had experimented the applications of biogas since 
1958. Around 1970, China had installed 6,000,000 digesters in an effort to make 
agriculture more efficient. During the last years the technology has met high 
growth rates. This seems to be the earliest developments in generating biogas 





The biosynthesis of methane is limited to a rather specialized group of 
Archaea, the methanogens. They are obligate anaerobes that produce methane as 
an end-product of their metabolism (Daniels et al., 1984). Methanogens 
taxonomically all belong to the archaeal kingdom of Euryarchaeota. There are 
three main groups of methanogens (Gerardi, 2003): (1) hydrogenotrophic 
methanogens, (2) acetotrophic methanogens, and (3) methylotrophic methanogens. 
Also they are classified in five orders each phylogenetically related to another as 
distantly as the Cyanobacteriales to the Proteobacteriales. The five orders are: 
Methanobacteriales, Methanococcales, Methanomicrobiales, Methanopyrales and 
Methanosarcinales. Of these, only the Methanosarcinales can ferment acetate to 
CO2 and CH4 and grow on methanol, methylthiols or methylamines as sole energy 
source. Hyperthermophilic species are only found among the Methanobacteriales, 
Methanococcales and Methanopyrales (Boone et al., 1993).  
Methanogens can be found in waterlogged soil, guts of animals, sewage 
sludge, manure piles, marine and fresh water sediments and hot springs. During 
anaerobic treatment of organic wastes, methanogenic archaea play a significant 
part in fermentative biomethane production from biomass. Types of major 
wastewaters that could be the source for biomethane generation are brewery 
wastewater, palm oil mill effluent, dairy wastes, cheese whey and dairy 
wastewater, pulp and paper wastewaters and olive oil mill wastewaters in 
relevance to their dominant methanogenic population (Figure 2.1). Marine and 
mangrove forest sediments also produce significant amounts of methane, but the 
36 
 
diversity of methanogenic Archaea is not well known at present. An important 
characteristic of mangroves is that the sediment is anaerobic and highly reduced. 
Therefore in anoxic marine sediments, sulfate reduction and methanogenesis are 
important processes in the mineralization of organic carbon (Lyimo et al., 2009). 
Besides, methane can be produced from enteric fermentation by rumen 
microorganisms. In order to reduce the greenhouse gas (methane) emission from 
livestock enteric fermentation that are responsible for even 12% of net national 
GHG emissions in Australia, some antimethangen were even developed and 






Figure 2.2 A summary of kinetic data, main characteristics, and 
methanogenic population of major wastewaters (Tabatabaei et al., 2010). 
 
2.1.1.3 Metabolic pathways in methanogenesis 
The production of methane is the energy‐yielding metabolism of 
methanogens and is unique to these organisms. Methane is produced by three 
major pathways: (1) reduction of carbon dioxide, (2) fermentation of acetate and 
(3) dismutation of methanol or methylamines. All three pathways have in 
common the demethylation of methyl–coenzyme M to methane and the reduction 
of the heterodisulfide of coenzyme M and coenzyme B catalysed by methyl–
coenzyme M and heterodisulfide reductases (Lessner, 2009). The biochemistry of 
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methanogenesis puts emphasis on the enzyme methyl-coenzyme M reductase, 
catalyzing the methane-forming reaction proper (Figure 2.3). 
 
Figure 2.3 Methanogenesis pathway (from KEGG PATHWAY) 
 
However, the origin of the methyl group is variable. Most species isolated 
are capable of reducing carbon dioxide to a methyl group with either hydrogen or 
formate as the reductant. Some utilize carbon monoxide and a few can use short-
chain alcohols as the reductant. Members of four of the five orders of 
methanogens (Methanobacteriales, Methanococcales, Methanomicrobiales and 
Methanopyrales) are “obligate carbon dioxide-reducing” species. Members of the 
order Methanosarcinales are most metabolically diverse, with some species able 
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to acquire the methyl group directly from methylotrophic substrates such as 
acetate, methanol or methylamines, in addition to reducing carbon dioxide (Figure 
2.4). Although most isolated species are capable of reducing carbon dioxide, only 
30% of biologically produced methane derives from this pathway. The majority of 
biological methanogenesis (approximately 70%) originates from conversion of the 
methyl group of acetate to methane; however, only isolates from two genera, 
Methanosarcina and Methanosaeta, can utilize acetate as an energy source. All 
methanogenic pathways make heavy use of metalloenzymes containing iron, 
molybdenum, tungsten, cobalt, zinc and nickel. Nickel plays several important 
roles as it is in the active site of carbon monoxide dehydrogenase, hydrogenase 





Figure 2.4 The carbon dioxide-reduction pathway and the acetate 
fermentation pathway for methanogenesis (Cavicchioli, 2007). Reactions and 
enzymes are common to all methanogenic pathways, including 
methyltransferase (mtr), methyl–coenzyme M reductase (mt) and 
heterodisulfide reductase. 
 
All methanogenic pathways have in common the demethylation of 
methyl–CoM to methane and reduction of CoM-S-S-CoB to the sulfhydryl forms 
of the cofactors (Figure 2.3) catalysed by methyl–CoM and heterodisulfide 
reductases. Energy conservation is achieved by proton or sodium extrusion 
generating a chemical gradient that drives adenosine triphosphate (ATP) synthesis 
by a membrane-bound ATPase. Thus, the different methanogenic pathways are 
distinguished by the method of acquiring the methyl group for conversion to 
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methane. The pathways are classified into three general categories based on 
methyl group acquisition: 
1) Reduction of carbon dioxide: Carbon dioxide is reduced to a methyl 
group with electrons derived from the oxidation of electron donors 
(primarily hydrogen or formate) which are also the source of electrons 
for the reduction of CoM-S-S-CoB. 
2) Fermentation of acetate: Acetate is cleaved to provide the methyl 
group and a carbonyl group for oxidation to carbon dioxide, providing 
electrons for reduction of CoM-S-S-CoB. 
3) Dismutation of methanol or methylamines: Four molecules of substrate 
are demethylated to provide the methyl groups, with one oxidized to 
carbon dioxide to provide electrons for reduction of CoMS-S-CoB. 
 
2.1.1.4 Control factors 
Methane (CH4) production varies greatly among different types of 
peatlands along an ombrotrophice-minerotrophic hydrogeomorphic gradient. pH 
is thought to be a dominant control over observed differences in CH4 production 
across sites, and previous pH manipulation experiments have verified the 
inhibitory effect of low pH on CH4 production (Ye et al., 2012). However 
methane production via the hydrogenotrophic pathway was not greater at lower 
pHs, suggesting that pH alone is not the reason that this pathway is often so 
important in ombrotrophic peatlands under field conditions. Stimulation of both 
hydrogenotrophic and acetoclastic methanogenesis at higher pH may have been a 
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direct pH effect or due to an increase in substrate availability, but the large acetate 
pooling in the ombrotrophic peats at higher pH indicates that acetoclastic 
methanogens were not able to adjust to their environmental conditions as rapidly 
as acetogenic bacteria over the extended incubation period. Overall pH is an 
important control over rates of CH4 production, but other factors are likely of 
equal or greater importance in explaining the low CH4 production typically 
observed in ombrotrophic peatlands. pH within the natural variation found in 
aquatic habitats does not seem to limit methanogenesis directly, but can affect 
what substrates are available and used. Under low pH, acetotrophic 
methanogenesis seem to be favored, while higher pH favors H2-dependent 
methanogenesis. Often both acetotrophic and hydrogenotrophic methanogenesis 
can occur simultaneously with either process contributing between 20% and 80% 
of the overall CH4 production in natural environmental like sediments. 
Manipulation of the electron donor, acceptor, and metabolic inhibitor 
status in selected samples suggested that sulfate could inhibit refuse 
methanogenesis (Gurijala & Suflita, 1993). An assay of individual refuse 
components revealed that paper and textile samples were associated with the 
highest concentrations of sulfate, but this anion was not detected when fresh 
refuse materials were similarly analyzed. Moisture, pH extremes, and high sulfate 
levels are found to influence the landfill methanogenesis and that absorbent refuse 
components may represent reservoirs of sulfate in a landfill. 
Among various environmental factors affecting methanogenesis, O2 level 
is considered a strict control factor but it is now established that many 
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methanogens can tolerate substantial O2 exposure even through this inhibits 
methanogenesis. Likewise, the inhibition by sulfate is not strict, but primarily 
results from substrate competition. The temperature optimum of methanogenesis 
is usually well above in situ temperatures, and the potential CH4 production rates 
increase about four-fold if the temperature increases by 10℃ (Hackstein, 2010).  
Methanogenesis can also be directly inhibited by halogenatedmethane 
analogues (i.e., 2- bromoethanesulphonate, 3-bromopropanesulphonate), lumazine, 
propionic acid andethyl 2- butynoate (Van Nevel & Demeyer, 2008). Chloral 
hydrate (which is converted to chloroform in the rumen) inhibits methane 
production (Mathers & Miller, 1982). Denman (Denman et al., 2007) reported 
that bromochloromethane could decrease the number of methanogenic Archaea 
by 34% as assayed by qPCR and thus reduce methane production. But the anti-
methanogenic activity of bromochloromethane has been reported to be transient 
(Sawyer et al., 1974). However, a combination of bromochloromethane with α-
cyclodextrin was found to be more stable. In recent report bromochloromethane 
inhibited methane emission during batch fermentation and the effect also persisted 
in continuous fermentation (Goel et al., 2009). 
A bromine analogue of coenzyme M (2-bromoethanesulphonate), involved 
in methyl group transfer during methanogenesis, was found to be a potent 
methane inhibitor (Martin & Macy, 1985; Wolfe, 1982). However, when tested in 
vivo, the inhibition in methanogenesis was temporary, inducing the adaptation of 
the methanogens (Van Nevel & Demeyer, 2008). Oral administration of 
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nitroethane and 2-nitropropanol resulted in methane reduction and nitroethane 
was found to be the better of the two inhibitors (Anderson et al., 2006). 
Quaternary ammonium compounds inhibit methanogenesis at 
concentration of 25 mg/l or above but at prolonged periods of incubation the 
effect become transient (Tezel et al., 2006). Anthraquinone has also been shown 
to inhibit methanogenesis in vitro and in lambs by inhibiting the methyl-
coenzymeM reductase (Garcia-Lopez et al., 1996; Kung et al., 1998). Lovastatin 
and Mevastatin, inhibitors of the enzyme hydroxymethylglutaryl-SCoA reductase 
also directly reduced methane emission up to 50% by inhibiting the growth of 
Methanobrevibacter without affecting the feed utilization efficiency (Miller & 
Wolin, 2001). Lila (LILA et al., 2004) found a significant decrease in methane 
production both in vitro and in vivo without affecting other rumen micro-flora 
using cyclodextrin diallyl maleate in the diet. 
 
2.1.2 Advances to improve biomethane production 
Traditional anaerobic digestion of acetate to produce CH4 and CO2 is the 
major process to generate biogas, however it is not cost-effective and efficient 
from many perspectives. In fact acetotrophic methanogenesis contributes only 20% 
of total methanogenic activity in natural environment while the other 80% comes 
from hydrogenotrophic methanogenesis. Besides, selection of electron donors can 
be quite distinct among different pathway. Pretreatment of organic feedstock also 
causes extra energy input, making the whole process much more expensive. To 
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solve these barriers, the advances based on the feedstock selection, electron donor 
selection, strain improvement and novel processes were developed. 
 
2.1.2.1 Feedstock selection 
At present, biogas can be produced from a broad range of feedstocks that 
are suitable for anaerobic digestion. It can be made from most biomass and waste 
materials regardless of the composition and over a large range of moisture 
contents, with limited feedstock preparation. Feedstocks for biogas production 
may be solid, slurries, and both concentrated and dilute liquids. In fact, biogas can 
even be made from the left over organic material from both ethanol and biodiesel 
production.  
 
2.1.2.1.1 Organic feedstock 
For organic feedstock, most easily biodegradable biomass materials are 
acceptable as feedstocks for anaerobic digestion. Common feedstocks include 
livestock manure, food-processing waste, and sewage sludge. Most of the existing 
installations are processing residual sludge from wastewater treatment plants. 
Other facilities are processing wastes from chicken processing, juice processing, 
brewing, and dairy production. However, the range of potential waste feedstocks 
is much broader including: municipal wastewater, residual sludge, food waste, 
food processing wastewater, dairy manure, poultry manure, aquaculture 
wastewater, seafood processing wastewater, yard wastes, and municipal solid 
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wastes. Food processing wastewaters may come from citrus processing, dairy 
processing, vegetable canning, potato processing, breweries, and sugar production.  
The energy production potential of feedstocks varies depending on the 
type, level of processing/pretreatment and concentration of biodegradable 
material. There are many potential energy crops, which may be suitable for biogas 
production including: sugarcane, sorghum, napier grass, as well as, woody crops 
(tree crops). The best crops should have low fertility requirements, and low 
energy costs for planting and harvesting. Further, ethanol production from an 
energy crop will produce large volumes of stillage wastewater, which can be 
converted to biogas. Also, the production of biodiesel from oil crops produces a 
glycerol wastewater that also may be converted to biogas. 
The anaerobic digestion of sludge is perhaps the oldest anaerobic digestion 
technology. In spite of the many advances made in reactor designs for wastewater 
treatment, few can be applied in treatment of sludge and manure, as the high 
suspended solids content of this waste impedes biomass immobilization. However, 
a better understanding of the anaerobic digestion process has resulted in increases 
in organic loading rate (OLR) and process performance for sludge and manure 
treatment. In addition, the tendency of sludge and manure to cause odors and to 
host pathogens benefits the application of anaerobic digestion for treatment of 
these wastes for both odor and pathogen reduction, as well as energy production. 
Currently, treatment processes such as anaerobic digestion and 
composting offer the only biological route for recycling matter and nutrients from 
the organic fraction of municipal solid waste (MSW). Anaerobic digestion has 
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been demonstrated to be a viable option for the management and stabilization of 
the biodegradable fraction of those wastes. Anaerobic digestion typically results 
in a 50% reduction of organic matter (volatile solids). The extent of conversion is 
dependent upon the feedstock and is similar to that obtained by aerobic 
composting operated at comparable residence times. Approximately 90% of the 
energy from the degraded organic matter is retained in the form of methane. The 
widespread natural occurrence of methane bacteria demonstrates that anaerobic 
digestion can take place over a variety of moisture contents from 60 to more than 
99 percent. Thanks to this tolerance, anaerobic processes can be applied for 
decomposition of dry solids such as MSW. For MSW, the quantity of methane is 
not trivial and typically amounts to around 100 to 200 cubic meters of biogas per 
ton of organic MSW digested. If we assume MSW contains about 30% water and 
15% ash, one ton of MSW is equivalent to about 0.32 tons of dry organic matter. 
Treating one ton of this feedstock would generate about 0.21 tons of compost (dry 
weight including ash). The methane can be used in part for process energy 
requirements (coarse shredding of the input and leachate recycle) and the balance 
sold as a renewable energy. 
 
2.1.2.1.2 Inorganic feedstock 
Pretreatment is necessary for anaerobic digestion and no single 
pretreatment technology is suitable for all anaerobic digestion systems and 
substrates. The different pretreatment technologies described above may be better 
suited to a particular reactor design or size of reactor, as well as the political 
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drivers or economic situation of the region. The choice of pretreatment method is 
strongly dependent on substrate composition. The greatest challenge for 
pretreatment of biogas substrates is combining the right substrate composition 
with the right pretreatment technology to increase the bioavailability of the 
substrate. Besides, the most important factors for selecting a pretreatment 
technology are the energy balance and costs. To avoid these barriers, inorganic 
substrate, for example, CO2 is a promising selection among researchers.  
At the beginning of October 2013, 140 leading minds from the world of 
CCU (carbon capture & utilization) met for three days in Essen at Europe’s 
largest conference on “CO2 as chemical feedstock – a challenge for sustainable 
chemistry”. While carbon dioxide is generally seen as a “climate killer”, which 
should best be avoided or stored underground (carbon capture and sequestration), 
a growing number of scientists and engineers are considering how this virtually 
limitless source of carbon can be used or recycled as a fuel or chemical 
feedstock. CO2 is an inert molecule that must first be broken down again using 
energy to make it usable, a process that chemists call “reduction”. If renewable 
energy is used, this opens up a variety of interesting and environmentally friendly 
possibilities for storing energy, producing methane and liquid fuels, or making 
chemicals and plastics. Fortunately, it is very easy to produce CH4 from CO2 via 
hydrogenotrophic methanogenesis, which occupy 80% of natural methanogenic 
activity. CO2-based fuels are now explicitly included in the latest version of the 
Renewable Energy Directive (RED) reform, and can be used instead of fuels 
made from biomass in order to fulfil the renewable fuels quotas. Though remain 
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at research status, CO2 will become a heated topic for utilization as feedstock for 
fuels, chemistry and polymers, and this is a big challenge and chance for a 
sustainable future and has immense potential for the coming decade. 
 
2.1.2.2 Strain development 
Anaerobic digestion to produce methane  is achieved as a result of the 
consecutive biochemical breakdown of polymers to methane and carbon dioxide 
in an environment in which a variety of microorganisms which include 
fermentative microbes (acidogens); hydrogen-producing, acetate-forming 
microbes (acetogens); and methane-producing microbes (methanogens) 
harmoniously grow and produce reduced end-products (Miyamoto, 1997). It is the 
consequence of a series of metabolic interactions among various groups of 
microorganisms. . A description of microorganisms involved in methane 
fermentation, based on an analysis of bacteria isolated from sewage sludge 
digesters.  The first group of microorganisms secrete enzymes which hydrolyze 
polymeric materials to monomers such as glucose and amino acids, which are 
subsequently converted to higher volatile fatty acids, H2 and acetic acid. In the 
second stage, hydrogen-producing acetogenic bacteria convert the higher volatile 
fatty acids, e.g., propionic and butyric acids, produced, to H2, CO2, and acetic acid. 
Finally, the third group, methanogenic bacteria convert H2, CO2, and acetate, to 
CH4 and CO2. Methanogens are physiologically united as methane producers in 
anaerobic digestion. Although acetate and H2/CO2 are the main substrates 
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available in the natural environment, formate, methanol, methylamines, and CO 
are also converted to CH4.  
Since methanogens, as obligate anaerobes, require a redox potential of less 
than -300 mV for growth, their isolation and cultivation was somewhat elusive 
due to technical difficulties encountered in handling them under completely O2-
free conditions. However, as a result of a greatly improved methanogen isolation 
techniques developed by Hungate (Hungate, 1969), more than 40 strains of pure 
methanogens have now been isolated. Methanogens can be divided into two 
groups: H2/CO2- and acetate-consumers. Although some of the H2/CO2-
consumers are capable of utilizing formate, acetate is consumed by a limited 
number of strains, such asMethanosarcina spp. and Methanothrix spp. 
(now, Methanosaeta), which are incapable of using formate. Since a large 
quantity of acetate is produced in the natural environment, 
Methanosarcina and Methanothrix play an important role in completion of 
anaerobic digestion and in accumulating H2, which inhibits acetogens and 
methanogens. H2-consuming methanogens are also important in maintaining low 
levels of atmospheric H2. H2/CO2-consuming methanogens reduce CO2 as an 
electron acceptor via the formyl, methenyl, and methyl levels through association 
with unusual coenzymes, to finally produce CH4 (Wolfe, 1985). Since a small part 
of the CO2 is also formed from carbon derived from the methyl group, it is 
suspected that the reduced potential produced from the methyl group may reduce 
CO2 to CH4 (Thauer et al., 1989).  
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Among all methanogens, Methanosarcina is the only known genus of 
methanogens with members that can utilize all of the known methanogenic 
pathways (acetoclastic, methylotrophic, hydrogenotrophic, and methyl 
reducing) (Welander & Metcalf, 2005). This metabolic diversity makes these 
species more permissive to metabolic and genetic manipulations than other 
methanogens. To capitalize on this characteristic, the genomes of three 
Methanosarcina species have been sequenced. In addition, genetic tools have 
been developed for several of these species, including methods for directed 
mutagenesis and regulated expression of specific genes (Benedict et al., 2012). 
Researchers have constructed and manually curated a genome-scale metabolic 
model of M. acetivorans, iMB745, which accounts for 745 of the 4,540 predicted 
protein-coding genes (16%) in the M. acetivorans genome. The model was used 
to probe the mechanisms and energetics of by-product formation and growth on 
carbon monoxide, as well as the nature of the reaction catalyzed by the soluble 
heterodisulfide reductase HdrABC in M. acetivorans. The genome-scale model 
provides quantitative and qualitative hypotheses that can be used to help 
iteratively guide additional experiments to further the state of knowledge about 
methanogenesis (Gonnerman, 2011).  Another strain Methanosarcina barkeri, 
with a metabolic reconstruction of M. barkeri, iAF692, was generated based on a 
draft genome annotation (Gonnerman et al., 2013). Since the publication of the 
first metabolic reconstruction of M. barkeri, additional genomic, biochemical, and 
phenotypic data have clarified several metabolic pathways. Modeling simulations 
using the updated model, iMG746, have led to increased accuracy in predicting 
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gene knockout phenotypes and simulations of batch growth behavior. The 
updated metabolic reconstruction of M. barkeri metabolism is a useful tool for 
predicting cellular behavior, studying the methanogenic lifestyle, guiding 
experimental studies, and making predictions relevant to metabolic engineering 
applications.  
 
2.1.2.3 Process and technology improvement 
The implementation of carbon dioxide utilization as a raw material in a 
circular economy and as an energy source takes shape at a fast pace. Various 
technologies can be used to produce gaseous and fluid fuels from captured 
CO2 and renewable energies like solar or wind energy. In addition, the same 
technologies can be used to produce chemical building blocks that can supply 
basically all chemical and plastics industries. These feature various key 
technologies to utilise CO2 as a source of materials and energy. Some of these are 
“artificial photosynthesis” technologies such as electrolysis and catalytic water 
splitting, imitating plants which produce biomass in the form of sugar, starch, oils 
and cellulose from carbon dioxide, water and sunlight. Scientists and engineers 
would like to develop artificial means of running this process more efficiently and 
independently of biomass. However, biotechnological techniques also exist to 
reduce CO2 and make it available for use with the help of special bacteria, for 
instance. Lastly, CO2 can be directly incorporated into polymers and chemicals 




2.1.2.3.1 Microbial electrosynthesis 
The discovery that electrical current to drive microbial metabolism has led 
to a plethora of applications in bioremediation and in the production of fuels and 
chemicals. Notably, the microbial production of chemicals, named as microbial 
electrosynthesis, provides a highly attractive, novel and promising route for the 
generation of valuable products from electricity or even wastewater. Recently, the 
term microbial electrosynthesis was used to describe the electricity-driven 
reduction of CO2 (Nevin et al., 2010a) using whole microorganisms as 
electrocatalysts. In line with the definition of conventional (that is, non-microbial) 
electrosynthesis, Rabaey and Rozendal expand microbial electrosynthesis to mean 
“the microbially catalysed synthesis of chemical compounds in an 
electrochemical cell”, which, in addition to the electricity-driven reduction of CO2, 
also includes the electricity-driven reduction or oxidation of other organic 
feedstocks (Rabaey & Rozendal, 2010).  
Microbial electrosynthetic processes are conducted in so-called 
bioelectrochemical systems (BES), consisting of an anode, a cathode and typically 
a membrane separating the two electrodes (Figure 2.5). An oxidation process 
happens at the anode whereas a reduction process occurs at the cathode. The 
electrodes are immerged in an electrolyte (the fluid around the electrode 
containing the reactants and/or products), which is generally an aqueous solution 
or wastewater (as a feed source). BESs can be operated in “microbial fuel cell” 
mode, in which they deliver power (Davis & Yarbrough, 1962), in short-circuit 
mode that means the anode and cathode are connected without a resistor, or in 
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“microbial electrolysis cell” mode, in which power is invested to increase the 
kinetics of the reactions and/or to drive thermodynamically unfavorable reactions 
for value-added chemicals (Logan et al., 2008). 
 
Figure 2.5 A comprehensive overview of the concepts associated with 
bioelectrochemical systems (Rabaey & Rozendal, 2010). 
 
Microbial electrosynthesis has the potential to become a key process in 
future biofuel production. It can be used to produce fuel from carbon dioxide 
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using electrical energy generated by either traditional power stations or renewable 
electricity generation. It may also be used to produce specialty chemicals such as 
drug precursors through microbially assisted electrocatalysis. By utilizing carbon 
dioxide as substrate and collecting methane as product, both of which are 
greenhouse gases, microbial electrosynthesis can even improve the regulation of 
GHG emission. If we combine solar panel technology with microbial 
electrosynthesis, we can also save the energy consumption during the production 
of biofuels. However, the key challenge is to turn microorganisms into effective 
electrocatalysts by understanding how microorganisms deal with supplied 
reducing power and how they interact with the surface of an electrode. 
A microbial electrolysis cell (MEC) is a technology related to microbial 
fuel cells (MFC). Whilst MFC produce an electric current from the microbial 
decomposition of organic compounds, MEC partially reverse the process to 
generate hydrogen or methane from organic material by applying an electric 
current. The electric current would ideally be produced by a renewable source of 
power such as solar or wide energy. The microbial electrosynthesis has been 
developing rapidly since 1981. Configurations for MEC systems vary due to 
different carbon feedstock and final products. Microbial electrosynthesis can start 
from both inorganic feedstock (CO2) and organics. Final products include biofuels 
and other specialty chemicals such as acetate production by Sporomusa ovate 





Figure 2.6 Typical configurations for MEC bioproduction. a. The use of a 
bioanode in combination with a chemical cathode (example: hydrogen 
peroxide production from wastewater); b. The use of a bioanode in 
combination with a biocathode (example: bioplastic production from 
wastewater and CO2); c. The use of a chemical anode in combination with a 
biocathode (example: solar-driven butanol production from CO2); d. The use 
of either a chemical or biological anode in combination with a cathode that 
reduces mediators. The mediators (Medox and Medred; oxidized and reduced 
mediator, respectively) can be used either in situ or in an external vessel to 
drive a bioproduction process (example: butanol production from glucose 
and wastewater) (Rabaey & Rozendal, 2010).  
 
Methanogens improves the efficiency of the process through their ability 
to reduce over potentials at the electrodes and to bring about lower energy loss. 
This whole process of combining electricity driven water splitting and 
hydrogenotrophic methanogenesis is termed as methane microbial 
electrosynthesis (MME). MME is carried out in a MEC to form methane at the 
cathode via combining carbon dioxide and hydrogen produced from the reduction 
of protons. Methanogens being attached to cathodic surfaces are able to facilitate 
this transfer of electrons from cathode to cells (which serve as electron acceptors) 
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via direct or indirect extracellular electron transfer. Production of CH4 in a MEC 
proceeds through the hydrogentrophic methanogenesis pathway. Electricity is 
used as a driving force to make the redox reactions possible. In a MEC, oxidation 
of water occurs at the anode, where O2, H
+ and e- are produced. The electrons 
flow from anode to cathode via wires whereas the protons enter the electrolyte 
solution and eventually reach the cathode. Reduction of protons at the cathode 
gives rise to production of H2 gas. H2 gas produced and CO2 introduced at the 
cathode will be used up by the methanogens to produce CH4 (Villano et al., 
2010b). The overall reaction proceeds at potential of -0.244V according to the 
following equation: 
𝐶𝑂2 + 8𝐻
+ + 8𝑒− → 𝐶𝐻4 + 2𝐻2𝑂 
There are a few types of losses within MEC. Firstly, redox reactions at the 
electrodes will build up over potentials, leading to a voltage loss owing to less 
than suitable electronic catalysts. Such voltage loss can be reduced by biocatalysts 
such as methanogens but cannot be eradicated fully. Secondly, ohmic loss is 
created with the movement of electrons within the electrolyte, due to the presence 
of resistance in the electrolyte. These factors contributes to a larger than expected 
energy requirement to drive the reactions within MEC. The storage of hydrogen 
presents a safety hazard as it is a flammable gas. Hence, in MEC, hydrogen 
produced at the cathode is being combined with carbon dioxide introduced almost 
immediately to form methane. Such a process can minimize the need for 
hydrogen storage, increasing the safety of operating MECs.  
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The advantage of this path is the possibility of rapid implementation. 
Modern PEM electrolysis processes (reverse fuel cells) already operate at 75% 
efficiency and can therefore convert surplus solar and wind power into methane, 
for example, with acceptable losses, and store it in the natural gas grid. Solar and 
wind power can be stored by this method. The overall efficiency of solar to 
methane can already attain 10% today, thereby exceeding the efficiency of plants 
(approximately 0.5% through to biogas or biofuel). 
 
2.1.2.3.2 Artificial leaves 
Another technology, which some purists consider to be the only true form 
of artificial photosynthesis, is catalytic water splitting followed by CO2 
reduction. Unlike electrolysis, this process does not use sunlight to produce 
electricity. Instead, individual photons can split the water directly via one 
catalyzer and a second catalyzer then reduces the resulting hydrogen using 
CO2 into methane, methanol or formic acid. This technology could lead to 
artificial leaves that would produce chemical building blocks from sunlight, water 
and CO2 in large-scale as well as small, decentralised plants.  
The problems with this technology are linked to choosing the most 
appropriate catalyzer materials, which should, for instance, contain no rare metals, 
have a good lifespan and be recyclable. Much work is still required on these 
aspects. One further problem is that as a rule only purified CO2 can be used 




2.1.2.3.3 Other new biotechnologies 
Lastly, there are also promising biotechnological procedures in which 
bacteria, archaea and algae in particular either produce hydrogen from water or 
else are able to reduce the CO2 directly to obtain a wide variety of chemical 
building blocks for fuels and plastics. To do this, the bacteria require energy, 
which they either gain from sunlight, heat or directly from electrical power. The 
great advantage of biotechnological techniques is that they do not need purified 
CO2 but can use CO2 straight from power stations or from industry. This makes 
the whole process far more viable, even if its overall efficiency is likely to remain 
below that of electrolysis or catalyzers. 
One pioneer of direct CO2 use is LanzaTech from New Zealand. 
LanzaTech has developed fermentation systems to produce ethanol, butanol and 
other products from unpurified gas emissions from the Chinese and US steel 
industries. Another fascinating method from Austria is well-known for 
methanising carbon dioxide at unusually low temperatures and pressures using 
archaea which results in extremely reactive systems to make the best use of 
CO2 in biogas plants (Rittmann et al., 2015).  
 
2.2  Reductive dehalogenation by microorganism 
Sometimes chemicals that had not previously been detected (or were 
previously found in far lesser concentrations) are discovered in the water supply. 
These chemicals are known as “contaminants of emerging concern” or simply 
"emerging contaminants." Emerging contaminants are important because the risk 
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they pose to human health and the environment is not yet fully understood. One 
kind of these emerging contaminants is man-made halogenated organic solvents, 
presenting unique challenges to determining their fate in the environment because 
of their physiochemical properties. They are more oxidized due to the presence of 
electronegative halogen substituent, which makes them relatively stable for better 
usage but resistant to biodegradation under aerobic conditions. Therefore, in the 
subsurface environment, reduction of these solvents is more likely to occur than 
oxidation in particular for polyhalogenated compounds. These polyhalogenated 
compounds and their byproducts have a tendency to accumulate in the ecosystem 
including sediments, sludge, soils, and groundwater. One significant tool to 
detoxify these compounds is the microbial reductive dechlorination of chlorinated 
solvents in the natural environments (Smidt & de Vos, 2004). Generally, two 
basic mechanisms are involved with reductive dehalogenation, abiotic (or 
cometabolic), and biotic (metabolic) conversion. But in general, most abiotic 
transformations are slow, but can still be significant within the time scales 
commonly associated with the movement of groundwater. In contrast, biotic 
transformations typically proceed much faster, provided that there are sufficient 
substrate and nutrients and a microbial population that can mediate such 
transformations (Vogel et al., 1987). It serves as the primary mechanism for the 
transformation of chlorinated solvents in the contaminated sites. 
Halogenated compounds can serve in three different metabolic functions 
in anaerobic bacteria: 1) as carbon or energy source or both, 2) as substrate for 
cometabolic activity, and 3) as terminal electron acceptor in an anaerobic 
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respiration process (Holliger et al., 2004). The last respiration process, also 
termed as microbial reductive dehalogenation which contributes to the primary 
metabolism (Zinder, 2010), can be further divided into two groups, 
hydrogenolysis, and dihaloelimination. Hydrogenolysis refers to the displacement 
of a halogen substituent with hydrogen, while dihaloelimination refers to 
replacement of two halogen-carbon bonds with a carbon-carbon bond.  
 
2.2.1 Dehalorespiration and responsible microorganism 
In the reductive dehalogenation process, halogenated compound serves as 
terminal electron acceptor resulting in energy production for microbial growth, 
which is known as (de)halorespiration. Various studies have figured out that some 
halogenated compounds are commonly used by bacterial species as growth 
substrates, e.g., chloroethenes, chloroethanes, chlorophenols, chlorobenzenes, 
polychlorinated biphenyls (PCBs), polybrominated diphenyl ethers (PBDEs), and 
polychlorinateddibenzo-p-dioxins (DD)/dibenzofurans (PCDD/Fs) (Bayona & 
Albaigés, 2006; Bunge & Lechner, 2009; Häggblom et al., 2006; Lee & He, 2010; 
Zhang & Bennett, 2005). With recent development of rapid and inexpensive 
molecular techniques, bioremediation industry developed rapidly for the PCE, 
TCE or TCA-contaminated sites/soil/groundwater, including:  
1) The identification and isolation of the specific bacteria mediating the 
dehalorespiration process.  
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2) Essential nutrient requirements, and the proper approaches for 
stimulating the desired reactions but minimizing undesirable microbial 
activities. 
3) Development of biomarkers to evaluate and predict the in situ 
activities. 
4) Exploration of potential application of current halorespirators for 
halogenated compounds other than chlorinated solvents. 
With the advent of molecular techniques, the dehalorespiration process for 
halogenated solvents has been understood and shown to be carried out mainly by 
three distinct groups of microorganisms, 1) genera Dehalobacter and 
Desulfitobacterium in the Peptococcaceae family in the Firmicutes, 2) members 
(Anaeromyxobacter, Desulfuromonas, Geobacter, Desulfomonile, Geobacter, 
Desulfononile, Desulfovibrio, and Sulfurospirillum) of the delta (δ) and epsilon (ε) 
subphyla of the Proteobacteria, and 3) the Dehalococcoides-predominant group 
in the Chloroflexi (Taş et al., 2010; Zinder, 2010). Among these three groups, the 
majority of these bacteria transform PCE or TCE to cis-DCE, only 
Dehalococcoides spp. are a unique group that is capable of completely 
dechlorinating PCE to ethene (Bombach et al., 2010) and and only Dehalobacter 
spp. have been reported to dechlorinate TCA metabolically (Grostern & Edwards, 
2009; Sun et al., 2002). Due to the extensive usage of chlorinated solvents and 
their related potential carcinogenicity, dechlorination of PCE, TCE, TCA and 1,2-
DCA, carried out by Dehalococcoides and Dehalobacter, is of great oncern to be 
covered in this section.  
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2.2.2 Metabolic pathway of chlorinated ethenes dechlorination 
Chloroethene dechlorination isolates that belong to the genera 
Anaeromyxobacter, Desulfitobacterium, Sulfurospirillum, Desulfomonile, 
Desulfuromonas, Desulfovibrio, and Trichlorobacter are metabolically versatile 
with respect to their spectrum of electron donors and acceptors; while limited 
isolates appeared as highly specialized bacteria that strictly depend on 
halorespiration for growth, in most cases coupled to hydrogen as the electron 
donor (Smidt & de Vos, 2004). These pure cultures capable of coupling growth to 
this process via halorespiration include Desulfitobacterium spp., Desulfuromonas 
spp., Sulfurospirillum multivorans, Dehalobacter spp., and Dehalococcoides spp. 
(Holliger et al., 2004).  
Since then, it is well established that PCE can be reductively dechlorinated 
by microorganisms to TCE, DCE isomers, and VC but complete dechlorination of 
PCE to ethene (Figure 2.7) by pure culture was only observed for 
Dehalococcodies ethenogenes strain 195 (Maymo-Gatell et al., 1997). 
Considerable efforts have been expanded in understanding and improving the 
microbial dehalogenation process of PCE/TCE or chlorinated ethanes after the 
isolation of D. ethenogenes strain 195 (Magnuson et al., 2000; Magnuson et al., 
1998). For instance, dechlorination of VC is found to be the rate-limiting and the 
last step for complete detoxification of PCE to ethene in anaerobic condition for 
this member of Cornell subgroup of Dehalococcoides. This VC-dechlorinating 
step follows first-order reaction and is also a rate-limiting step for other 
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Dehalococcoides spp., such as strain FL2 within the Pinellas subgroup (He et al., 
2005).  
 
Figure 2.7 Sequential reductive dechlorination of PCE to ethene. 
 
Reductase (RDase) is the key enzyme for halorespiration, which catalyzes 
the substitution of a halogen substituent (e.g., chlorine, bromine or iodine atom) 
with a hydrogen atom at each step. The halogen removal by RDases drives the 
halorespiration process by helping to form a proton gradient on either side of the 
bacterial inner membrane (Habash et al., 2004). Membrane-bound hydrogenases 
and/or formate hydrogenases produce H+ on the periplasmic side of the inner 
membrane, whereas H+ is utilized by a soluble or membrane-associated RDase on 
the cytoplasmic side. The presence of RDase at the end of the electron transport 
chain allows halogenated substrates to serve as a terminal electron acceptor. Most 
of these enzymes involved in PCE dechlorination by Dehalococcoides species 
share a common feature of being membrane-bound, and containing a corrinoid 
cofactor and Fe4S4 clusters (Müller et al., 2004). Among these RDases, PceA 
(AAW40342) and TceA (AF228507), are the first two RDases that were partially 
purified from an anaerobic microbial enrichment culture containing 
Dehalococcoides ethenogenes strain 195 (Magnuson et al., 2000; Magnuson et al., 
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1998). The identified RDase genes, pceA and tceA genes are responsible for 
dechlorination of PCE to TCE and TCE to cis-DCE, VC and ethene, respectively; 
whereas bvcA and vcrA genes play major roles for VC dechlorination to ethene 
(Krajmalnik-Brown et al., 2004; Magnuson et al., 1998; Müller et al., 2004). 
Currently, bvcA gene was only found in strain BAV1-like culture, encoding the 
reductive dechlorination of all DCEs isomers and VC (Krajmalnik-Brown et al., 
2004). 
Numerous studies have shown that Dehalococcoides genus is widely 
distributed in nature and is able to dehalogenate a wide variety of halogenated 
compounds, like chlorinated benzenes, biphenyls, naphthalenes, dioxins, and 
ethenes. There are currently 5 members of known Dehalococcoides isolates, 
Dehalococcoides ethenogenes 195 (Maymó-Gatell et al., 1999; Maymo-Gatell et 
al., 1997; Seshadri et al., 2005), CBDB1 (Adrian et al., 2000), Dehalococcoides 
isolate BAV1 (He et al., 2003), FL2 (He et al., 2005) and GT (Sung et al., 2006).  
 
2.2.3 Remediation biotechnologies 
There are many technological options to remove the toxic chlorinated 
ethenes and ethanes, such as physical, chemical, biological methods, or combined 
technologies (Kurisu, 2008). Physical methods include pump and treat, adsorption 
technology (by granular activated carbon (GAC) or resin adsorption), filtration 
technology, volatilization technology (e.g., air sparging, soil vapour extraction), 
washing/extraction technology, treatment walls (barriers) (Narayanan et al., 1993). 
Physical treatment technology generally does not destroy wastes but is a means of 
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separating hazardous contaminants from soils, sludges, and sediments, thus 
reducing the volume of the hazardous wastes. An example of chemical treatment 
is chemical reduction of chlorinated compounds by zero-valent iron (ZVI) 
(Gillham & O'Hannesin, 1994). On the other hand, biological treatments employ 
the biodegradation or bioaccumulation of the contaminants by microorganisms or 
plants (De Bruin et al., 1992; Tartakovsky et al., 2005). Whether abiotic or 
microbial dechlorination of chlorinated solvents will take place largely depends 
on field conditions, such as the abundance of dechlorinating bacteria, soil 
properties, and the mass loading of reactive minerals, electron donors (Dong et al., 
2008).  
A combination of features of the site makes it an interesting case study for 
the exploration of remediation options. In a recent study conducted by Plagentz, 
both chemical and physical methods are applied to treat multiple contaminants 
simultaneously in two-sequential column using ZVI and granular activated carbon 
(GAC) (Plagentz et al., 2006). In addition, Lampron have studied the impact of 
microorganisms on the performance of Fe(0) barriers treating TCE contaminated 
groundwater. It is reported that abiotic and biological process in the Fe(0)-cell 
system compete for the TCE available. The maximal amounts of cis-DCE and VC 
generated were greater in reactors containing cells and H2 (no iron) than in 
reactors containing cells and Fe(0) (Lampron et al., 2001). With the presence of 
hydrogen-utilizing, dechlorinating population in an iron barrier, TCE reduction 
will result in accumulation of VC in large quantities, greater than what would be 
expected in an abiotic system. The mobile product (VC) may introduce a greater 
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tendency to break through the iron barrier and alter the permeability, which will 
damage the iron barrier.  
The first pure culture strain that demonstrates growth and energy 
production coupled to complete reduction of PCE to ethene, termed as 
dehalorespiration, is Dehalococcoides ethenogenes strain 195. Since then, the 
bioremediation technologies have never stopped advancing popularity among 
many  other approaches in that it has advantages over other physicochemical 
methods in terms of cost and environmental impact (Bradley, 2003). The major 
advantages of bioremediation have been attributed to its capability in completely 
destroying the contaminants, less expensive than other remediation options. 
Additionally it can treat both dissolved and sorbed contaminants and can move 
with the contaminant plume, which makes it not limited to a fixed area, typical of 
chemical flushing or physical technologies. Although bioremediation usually 
proceeds at modest rate and it may take relatively longer time to complete the 
cleanup than other methods, more and more practices have found that 
bioremediation is suitable for the treatment of a widely spread contamination of 
chlorinated solvents with low concentration, particularly those after the treatment 
of the core contamination by other methods.  
Current bioremediation technology can be divided into three separate 
processes, designated as off-site, on site and in situ (Kurisu, 2008). Off-site 
biological treatment includes methods practiced at waste treatment facilities or 
sewage treatment plants. On-site biological treatment usually needs excavation of 
soils or pumping of groundwater to remove contaminants, followed by immediate 
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treatment at contaminated sites. It may involve composting or bioreactors 
operated in engineered systems, such as bioventing, biosparging, direct injection 
method, groundwater circulation, permeable reactive barriers, photoremediation. 
In situ bioremediation (ISB) refers to the enhancement of biological activity in 
place. It may involve manipulation of eco-environmental conditions, such as 
introduction of selected inocula (bioaugmentation) or pumping of groundwater for 
better hydrogeological control or essential nutrients (biostimulation) but without 
engineered systems. The cleanup technology for the remediation of DNAPLs 
includes a list of remedial approaches, e.g. in situ chemical oxidation/reduction, 
surfactants (solvent-enhanced flushing), thermal treatment, extraction (dual phase, 
water flood, or pump and treat), in situ air sparging, and in situ bioremediation 
(ISB). ISB is the newest application, including bioaugmentation, biostimulation, 
biopolishing, or enhanced reductive dechlorination (ERD). ISB is an attempt to 
work with nature through natural biological activity in the subsurface and aims to 
degrade DNAPLs contaminants into less toxic or, ideally, harmless substances. 
Significant progress has been achieved in the deployment of ISB against DNAPLs, 
particularly for those chlorinated ethenes. Nowadays, with the development of 
molecular tools and identification of more robust dehalorespirators, ISB shows 
great potential in achieving measurable results within required time frames in an 
economical manner. 
In a bench study for the bioremediation of PCE DNAPL source zone at 
Dover Air Force Base, DE., two bioremediation strategies were compared to 
evaluate the effect of PCE bioremediation. One was only biostimulation through 
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addition of electron donor, e.g. methanol, sodium acetate, or ethanol (Sleep et al., 
2006). The other was biostimulation first and then followed by bioaugmentation 
with dechlorinating culture KB-1. Growth of iron-reducing bacteria, Geobacter 
was found for both systems through biostimulation strategy-addition of electron 
donor, probably due to the high iron content of the Dover soil. Methanogenesis 
became predominant activity with prolonged biostimulation after available iron 
was exhausted but not dechlorination activity despite of presence of native 
Dehalococcoides species. Dechlorination of PCE to ethene was only observed for 
the bioaugmented system with KB1. The dechlorination activity was also 
effectively monitored by PCR-DGGE and qPCR, particularly in soil samples. The 
results show that concentrations of both cis-DCE and Dehalococcoides reached 
the first peak after 48 days of bioaugmentation, indicating the remarkable growth 
of Dehalococcoides with PCE. The diverted distribution of electron donor around 
the PCE DNAPL zone was found to limit its dechlorination significantly. This 
study also suggests three methods to enhance electron donor efficiency, 1) to 
recirculate PCE-laden water to inhibit methanogenesis, 2) to inoculate cultures 
capable of transforming PCE efficiently, and 3) to choose electron donor with low 
hydrogen partial pressure limitations. The last one, effective electron donor 
delivery to the dechlorinating microorganisms was found to be the most 
challenging part of this pilot-scale study. 
Recently, with the development of bioelectrochemical process, researchers 
seek a new point of view for reductive dehalogenation. The ability of 
microorganisms to “communicate” with solid-state electro des by exchanging 
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electrons with them, either directly or via redox mediators, has recently received 
considerable attention by the scientific community. This interesting feature is 
currently being explored as a strategy to produce sustainable electricity or 
H2 from the bacterial oxidation of organic waste materials in microbial fuel cells 
or to biologically reduce oxidized pollutants in bioremediation systems. Some 
authors have proposed the use of bio-electrochemical systems for the reduction of 
chlorinated compounds or nitrate. For example, Skadberg and col leagues 
performed batch studies with a mixed culture in an electrochemical cell and 
showed that 2,6-dichlorophenol was reductively dechlorinated to 2-chlorophenol 
when an electric current was passed (Skadberg et al., 1999).  Other researchers 
have employed bio-electrochemical systems for stimulating microbial 
denitrification (Goel & Flora, 2005; Szekeres et al., 2001; Tan et al., 2006). As for 
the application of bioelectrochemical processes in the field of bioremediation, it 
was shown that members of the Geobacter family biologically reduce nitrate to 
nitrite or U(VI) to relatively insoluble U(IV)  using a graphite cathode polarized 
to −500 mV (vs Ag/AgCl) as the sole electron donor (Gregory et al., 2004; 
Gregory & Lovley, 2005). Another example, Thrash and colleagues showed that 
washed cells of Dechloromonas and Azospira species readily reduced 90 mg/L 
perchlorate, with a solid-state electrode as an electron donor, with 2,6-
anthraquinone disulfonate (AQDS) as a mediator (Thrash et al., 2007). No 
perchlorate was reduced in the absence of cells or AQDS, or in an open-circuit 
control. Many chemicals can be used as redox mediators for electron transfer, 
such as methyl viologen (MV), with the presence of which tricoloroethene (TCE) 
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was reduced to ethene in a novel BEARD (Bio-Electrochemically Assisted 
Reductive Dechlorination) system with a polarized glassy carbon electrode 
(Aulenta et al., 2008; Aulenta et al., 2007).   
Most dehalogenating bacteria cannot directly transfer electrons to solid 
electrodes like Geobacter but, rather, require a soluble redox mediator, which 
serves as an electron shuttle between the cells and the electrodes. In the BEARD 
process, the mediator, either dissolved in the bulk liquid or physically “anchored” 
to the electrode surface, facilitated the shuttling of electrons from the carbon 
electrode to the dechlorinating bacteria. With a solid-state electrode polarized 
only to −450 mV (vs SHE), electron donor can be provided for the microbial 
reductive dechlorination. This finding revealed that the dechlorinating bacteria 
represented quite an exceptional and previously unrecognized biocatalytic system 
for H2 production. Previous studies with pure culture Dehalococcoides 
ethenogenes Strain 195 revealed that chemically reduced methyl viologen (MV), 
could act as an artificial electron donor in the reductive dechlorination of TCE by 
whole cells (Nijenhuis & Zinder, 2005). Another study utilized a flow-through 
column system for microbial dechlorination of tetrachloroethene (PCE) to ethene, 
stimulated by hydrogen produced by water electrolysis (Lohner & Tiehm, 2009). 
Dechlorinating bacteria Dehalococcoides spp. and Desulfitobacterium spp. were 
detected and the process could reach an average removal of approximately 23 
μmol/d PCE with a current density of 0.05 mA/cm2.  
These results are promising for environmental applications, since with 
electrolysis hydrogen can be supplied continuously to chloroethene degrading 
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microorganisms, and the supply rates can be easily controlled by adjusting the 
electric current. However using bioelectrochemical system for reductive 
dehalogenation is still at early stage, more detailed presumption and experiment 
should be conducted for this technology to be applied for future onsite treatment.  
 
2.2.4 Challenges in microbial reductive dehalogenation 
First of all, remediation time frame is an area of active research and debate 
among the remediation community. Secondly, there is a lack of cost evaluation 
system, remediation goal (end point concentrations) within the duration timeline 
in the field of bioremediation applications. It is commonly suggested by various 
reviewers in the bioremediation community that both cost and time frame to 
complete the detoxification play a major role in resolving the utility of a 
technology. The expert panel from the Interstate Technology & Regulatory 
Council (ITRC) concluded that bioremediation of chlorinated ethene source zones 
is a viable remediation option. A more quantitative comparison is needed to 
justify the expenditure of the application of corresponding bioremediation 
technology. Therefore, the first challenge is to decide the best biological 
amendments (or to stimulate those already present) that will accelerate the site 
restoration and use it as an energy source. 
1) Bioaugmentation 
Bioaugmentation is often associated with issues, such as competing 
with indigenous microorganisms due to different ecological factors. It 
is difficult to assess the applicability and effectiveness of the inocula 
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added. This is because the lab-scale studies can only be used as a 
reference and cannot guarantee their metabolic function by themselves. 
2) Biostimulation 
Bioremediation through injection of high concentration of electron 
donor solutions has significantly enhanced depletion of TCE in the 
residual source and accelerated biodegradation rate of TCE to ethene 
from the first example as shown in Table 2.3. The large volume of the 
contaminated area requires huge injection volumes of electron donors, 
which indicates the huge life-cycle costs of the project. In order to 
reduce the treatment cost, one effective way is to minimize the 
introduction of TCE from the source (sludge) or to treat the sludge 
sample before it is injected to the contaminated sites.  
The project cost in a source area bioremediation study (located at a 
Portland, Oregon dry cleaner site) was estimated as the total of two parts, 
installation cost (installation labor, injection points, substrates [e.g., HRC, HRC-X, 
shipping], baseline sampling, surveying, completion report) plus sum of annual 
operation costs within project time frame (mobilization, direct labor, sampling 
equipment and supplies, laboratory analysis, and project planning and reporting) 
(ITRC, 2007). This cost estimation method could certainly serve as an important 
case history to the bioremediation community but the cost per unit volume of the 
material should be provided. 
In accordance to the first case study of the report published by the 
bioremediation of DNAPLs Team, reducing all contaminants of concern to below 
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maximum contaminant levels (MCLs) regulated by EPA for drinking water could 
be served as the ultimate target to restore the contaminated groundwater. 
Additionally, accumulation of trans-DCE is one of the challenging 
chloroethenes for bioremediation community probably due to their recalcitrant 
properties. Site investigations plus a number of laboratory studies demonstrate 
microbial production of trans-DCE during reductive dechlorination of PCE/TCE 
(Garcia, 2005; Griffin et al., 2004; Kittelmann & Friedrich, 2007; Miller et al., 
2005) For the bioremediation of chlorinated ethenes, particularly those sites with 
significant accumulation of trans-DCE, special care needs to be given on the 
choice of proper inoculum source as there is a lack of microorganisms capable of 
metabolically dechlorinating TCE and trans-DCE (Cheng & He, 2009; Chow et 
al., 2010; Kittelmann & Friedrich, 2007). 
Finally, it will be of great interest to explore the enrichment cultures 
capable of complete detoxification of both chlorinated ethenes and ethanes in that 
they tend to co-exist in the contaminated sites, such as PCE, TCE, trans-DCE, 
TCA, 1,2-DCA. The isolation and characterization of these cultures would be 
beneficial to humans and earth essentially. Also it is necessary to develop new 




Chapter III  
Spatial variations of the methanogenic activities in the sediments 
of tropical mangroves in Singapore 
3.1  Abstract 
Methane production by methanogens in mangrove sediments is known to 
contribute significantly to global warming, but studies on the shift of 
methanogenic activities in response to anthropogenic contaminations were still 
limited. In this study, the effect of anthropogenic interferences on the mangrove 
sediments along the north and south coastlines of Singapore were investigated by 
quantification of the mcrA gene. Our results showed that methanogenic activities 
were quite related to ammonia, nitrate, Mg and Ca concentration at certain niche. 
The high abundance of methanogens reflects the potential for high methane 
production as well as the possible availability of low acetate and high methylated 
C-1 compounds as substrates. A decline in the abundance of methanogens was 
observed along a vertical profile in Sungei Changi, which was contaminated by 
algal bloom. The abundance of methanogens in the various contaminated stations 
was significantly different from that in a pristine St. John’s Island. The spatial 
variation in the methanogenic activities among the different stations was more 
distinct than those along the vertical profiles at each station. We suggest that the 
overall heterogeneity of the methanogenic activities residing in the tropical 
mangrove sediments might be due to the accumulated effects of different 





Methane (CH4) is a key component in the global carbon cycle. As one of 
the green-house gases, it possesses approximately 26 times more effectiveness 
than CO2 in retaining heat in the atmosphere (Lelieveld et al., 1998). The 
atmospheric CH4 inventory is currently increasing by ~0.4% per year (Rigby et al., 
2008). Mangrove wetlands and paddy fields, as well as the enteric fermentation 
that occurs during digestion in ruminants are the most important sources of 
atmospheric CH4 (Aluwong et al., 2013; Zhuang et al., 2009). Among them, the 
mangrove wetlands are the largest natural source of CH4, contributing about 20% 
of the total annual emission to the atmosphere (Allen et al., 2007; Wuebbles & 
Hayhoe, 2002). 
The mangrove wetlands are considerably productive coastal ecosystems 
and various anaerobic microbial processes occur in their predominantly anoxic 
sediments. In these sediments, CH4 is produced during the terminal stage of 
anaerobic decomposition of organic matter by methanogens (Ferry, 1992), when 
the redox potential of the sediment reached to below -150 mV (Wang et al., 1993). 
Methanogens are strictly anaerobic archaea and so they are very sensitive to O2 
(Schönheit et al., 1981). The onset of methanogenesis primarily happens at a 
shallow depth (i.e., 20-25 cm) of the sediments. The CH4 produced undergoes 
vertical diffusive transportation from the sediment surface to the atmosphere, and 
horizontal transportation to the adjacent estuarine and coastal water column 
(Dutta et al., 2013). Natural factors such as the temperature, salinity and organic 
carbon content of the sediment (Dacey et al., 1994) have also been shown to 
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affect the geographical variation in the production and emission of CH4 in 
mangrove wetlands. In addition, several anthropogenic factors, such as disposal of 
sewage and agricultural runoff into the mangrove ecosystem have also been 
reported to enhance the emission of CH4 (Ramesh et al., 1997).  
Methanogens belong to the Euryarchaeota phylum of the Archaea domain, 
and consist of six phylogenetically diverse orders, Methanobacteriales, 
Methanococcales, Methanomicrobiales, Methanocellales, Methanopyrales and 
Methanosartinales, and 33 genera based on the gene sequences of 16S rRNA 
(Garrity et al., 2001; Liu & Whitman, 2008). Methanogens are widely distributed 
in natural, strictly anaerobic environments, such as: flooded rice fields (Chin et 
al., 1999); freshwater and marine sediments (Cappenberg, 1974; Hinrichs et al., 
1999); deep-sea hydrothermal vents (Jeanthon et al., 1999; Lever & Teske, 2015); 
marine mud volcanoes (Lazar et al., 2012); hot springs (Hedlund et al., 2013); and 
mangroves (Ahila et al., 2014). However, knowledge about their methanogenic 
activities has until recently been limited by the traditional culture-based 
procedures and conventional molecular techniques conducted (Green & Keller, 
2006). The recently-developed functional gene quantification instead of 16s rRNA 
might significantly enhance the detection capability of rare species, thus the 
complex methanogenic activities in natural anaerobic environments might be 
more accurately defined (Youngblut et al., 2015; Zeleke et al., 2013). The mcrA 
gene, which is unique to and ubiquitous among all known methanogens, encodes 
the α-subunit of methyl coenzyme M reductase, which is the terminal enzyme 




The Singapore coastline harbors extensive areas of mangrove wetlands 
due to its tropical geological location, but these ecosystems have potentially or 
already suffered from both natural and anthropogenic disturbances in recent years 
following the increase in population and consequent industrialization. It is 
considered that the increased input of external nutrients and metals into the 
mangrove sediments from the adjacent areas might trigger significant variations in 
the composition and activity of different microbial communities, especially 
methanogens. In order to better understand how anthropogenic and ecological 
interference affect methanogenic population in tropical mangrove ecosystem, 
sediment samples were collected from five tropical mangroves along the north 
and south coast of Singapore. These were Lim Chu Kang (LCK), Pulau Semakau 
(PS), Sungei Changi (SC), Pasir Ris Park (PRP) and St. John’s Island (SJ) (Fig. 
1). LCK is characterized by its strong agriculture activities; PS is the site of a new 
landfill; PRP is the location of the first toxic algal bloom in Singapore, which 
occurred in 2009, and it was shown to contain high levels of total nitrogen during 
our sampling in 2012; SC is near to Changi airport and is downstream of both 
PRP and an old landfill site located at Sungei Punggol; and SJ, which is located 
far from any industrial or residential areas, was considered to be a pristine 
location (Jing et al., 2015). In this chapter, quantification of the functional mcrA 
gene, which is a biomarker of methanogens, was applied to investigate the 
methanogenic activities residing in the tropical mangrove sediments in these 
various geographical conditions and subjected to different anthropogenic 
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perturbations, and to elucidate the key environmental impact factors.  
 
3.3 Material and methods 
3.3.1 Sample collection and biogeochemical analysis 
In October 2012, mud samples were collected in triplicate from five 
mangrove locations along the coastline of Singapore (Figure 3.1). At each 
location, approximately 50 g sediment at three depths (i.e., 1-2 cm (shallow), 10-
11 cm (middle) and 20-21 cm (deep)), from the surface, were collected and placed 
in 15 ml Falcon tubes. They were kept on ice in the field, and then stored at -80oC 
prior to further analysis.  
 











At each sampling station, various in situ environmental parameters (e.g., 
location, temperature, salinity, and pH) were recorded during field sampling. The 
location of each sampling site was recorded via GPS (global positioning system). 
The in situ temperature and salinity were measured with a thermometer and 
salinometer, respectively, and the conductivity was measured using the practical 
salinity scale according to UNESCO (1985). The wet and dry weights of each 
sample were recorded before and after being heated in a conventional oven, and 
moisture was calculated as the ratio of weight difference over the wet weight. pH 
was measured with a Schott Gerate pH meter using a glass electrode, which was 
inserted into the pore water. 
In addition, the levels of both nutrients (i.e., total phosphate (TP), total 
inorganic nitrogen (TIN, including NH4+, NO3- and NO2-), and heavy metals (i.e., 
Na, Mg, K, Ca, Mn, Fe, Zn, Al) were measured. Total nitrogen in the form of 
NH4+, NO3-, and NO2- was tested after the soil samples were sonicated and 
filtered through a 0.45 μm polytetrafluoroethylene membrane filter, and 
quantified with a Metrohm AG (Herisau, Switzerland) ion chromatograph (IC) 
equipped with a 733 IC analytical separation system (Yasuhara et al., 1999). 
Metals and TP were measured with an inductively coupled plasma-mass 
spectrometer (ICP-MS, MLAN 6100, Perkin Elmer, Waltham, MA, USA) 
following microwave digestion (EPA3051) (Moor et al., 2001). The 





3.3.2 DNA extraction and qPCR assay 
Genomic DNA was extracted from 1 g of original sample collected from 
mangrove sediments as well as the controls with Qiagen DNeasy Blood and 
Tissue Kit (QIAGEN GmbH, Hilden, Germany) as described in the 
manufacturer's instructions. The concentration of the nucleic acid was determined 
by a Nanodrop-1000 instrument (NanoDrop Technologies, Wilmington, DE, 
USA). The extracted genomic DNA was then used as a template for amplification 
with degenerate ML primers using the PCR protocol described by Luton (Luton et 
al., 2002). A SYBR® green quantitative real-time PCR (qPCR) (ABI 7500 Fast 
real-time PCR system; ABI, Foster City, CA, USA) assay was performed in 
triplicates. A calibration curve was obtained by using 10-fold serial dilutions of 
known plasmid DNA concentrations. The standard curves spanned a range of 102 
to 108 gene copies per ml of template DNA with a R2 linear regression of 99.9%. 
Nuclease-free water or plasmid without an insert was used as the negative control. 
 
3.3.3 Statistical analysis 
Principle component analysis (PCA) was performed using Origin9.0 
software to compare correlation among environmental parameters and biological 
information. For all ordination analyses, biplot scaling was used.  
 
3.4 Results and discussion 
3.4.1 Environmental parameters and chemical analysis of sampling locations 
Out of the 5 selected sampling locations, SJ was the least influenced by 
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human activities and this pristine location on the southern coastline of Singapore 
was therefore used as the background. SJ contained the lowest concentration of 
dissolved inorganic nitrogen (DIN), when compared with the other locations. The 
old landfill site at PS is also located on the southern coastline. This had a similar 
temperature as SJ, but exhibited much higher levels of TP (Table 3.1). Sediment 
in LCK was acidic and possessed the highest content of TIN as a result of strong 
agricultural activity. Relatively high concentrations of TIN (especially NO3-) and 
TP were also detected in PRP, where a toxic algal bloom had occurred near its 
maritime space in December 2009. SC is adjacent to Changi airport and had the 
highest content of most of the heavy metals measured (i.e., Na, Mg, K, Ca, Mn, 
Fe, Zn, Al) (Table 3.2), but the lowest temperature, moisture and conductivity 
(Table 3.1). In general, the surface sediment at SC (SC_S) had the highest content 
of TP because of its downstream location of PRP where algal bloom happened, 
but there was no obvious depth profile for the other parameters listed in Table 1. 
With regards to the depth profiles in the other locations; in LCK, all the metals 
except Zn, exhibited a depth-wise incremental increase. 
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Table 3.1 The environmental parameters at the different locations used in this study. 
 
Locations pH Temp (˚C) Moisture (%) NO3- (μg/g) NO2- (μg/g) NH4+ (μg/g) TIN (μg/g) TP (µg/g) 
LCK_S 6.69 27.4 30.53 62.11 2.38 1.40 65.89 36.69 
LCK_M 6.35 27.3 40.79 65.57 2.45 0.41 68.42 7.49 
LCK_D 6.40 27.0 41.37 63.22 2.43 0.78 66.42 - 
PRP_S 7.31 26.5 30.21 56.15 2.32 0.78 59.25 74.39 
PRP_D 8.61 27.2 24.26 58.03 2.42 1.26 65.05 10.58 
PS_M 7.59 28.7 30.49 53.03 2.64 1.04 56.71 129.12 
SC_S 7.27 25.0 14.75 56.46 2.47 1.20 60.13 - 
SC_M 7.02 24.0 17.77 68.34 2.53 1.78 60.49 - 
SC_D 6.37 21.0 16.18 50.56 2.55 0.41 53.52 - 
SJ_S 7.00 27.8 23.24 48.01 2.33 1.00 51.35 57.44 
SJ_M 7.05 28.2 24.52 52.57 2.55 1.66 56.78 20.30 









Locations Na Mg K Ca Mn Fe Zn Al 
LCK_S 4248.5 1237.9 586.7 878.4 9.4 19156.8 14.4 5321.5 
LCK_M 5244.8 1612.0 682.9 1192.2 9.9 25490.5 14.5 6003.1 
LCK_D 6279.1 2025.1 924.5 1497.2 11.6 44040.9 12.6 8129.6 
PRP_S 4265.8 1511.0 1027.2 785.3 71.1 11948.5 57.9 6842.2 
PRP_D 4821.2 1472.3 1217.9 631.1 70.7 11382.3 22.0 5627.5 
PS_M 4023.4 3208.4 677.0 5702.0 499.7 12970.4 26.4 4099.1 
SC_S 2690.4 1301.0 647.3 776.3 103.7 10039.8 150.3 5699.7 
SC_M 2816.9 1215.9 653.3 593.0 73.7 9315.6 97.6 5470.1 
SC_D 3764.3 1541.5 1122.6 615.9 74.0 8038.4 85.4 8631.1 
SJ_S 4026.5 1525.4 590.4 836.1 20.3 10901.8 46.3 3084.8 
SJ_M 3559.9 1499.8 437.4 700.9 17.1 12780.6 44.1 3063.0 
SJ_D 2603.2 1125.5 501.4 510.0 94.9 10735.4 122.8 2952.2 
Note: §Unit of all metals (µg/g). 
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3.4.2 Spatial variation of methanogenic activities 
Quantification results of methanogenic activities are shown in Figure 3.2 
and 3.3. In the locations affected by anthropogenic activities (i.e., LCK, PRP, SC), 
a higher abundance of methanogens was observed in the shallow layer than in the 
deep layer. This seems to be in agreement with previous reports, which show that 
a higher methanogenic diversity occurs in the shallow layers of sediments (Lever 
& Teske, 2015; Zeleke et al., 2013), possibly as a result of organic enrichment in 
the surface sediment. In contrast, in the pristine SJ, the highest abundance of 
methanogens along with the lowest concentrations of inorganic nitrogen was 
found in the deepest layer (SJ_D). When compared with the pristine SJ, the 
abundance was higher in both LCK and PRP, which contained higher nutrient 
levels, and it was quite lower in SC, which was contaminated with high levels of 
heavy metals (Table 3.2). By comparing middle depths of each location (Figure 
3.3), our results showed that the abundance of methanogens was significantly 
different among the different locations, and we suggest that the differences 
observed along the vertical profiles might be explained by the in situ substrate 








Figure 3.3 Copy number of the mcrA gene in each mid depth of certain location (copy number/g soil). 
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In a previous study on diazotrophs done by our lab, we recovered various 
SRB including Desulfobotulus, Desulfarculus, Desulfonatronum and 
Desulfovibrio, from the mangrove rhizospheres in the same sampling locations we 
used for this study. We found that they were more abundant in the pristine 
location at SJ (~40%) than in the most polluted location at SC (~4%) (Jing et al., 
2015). Their presence indicates not only the potential for bioremediation and the 
resiliency of the ecosystem to anthropogenic impact, but their coexistence with 
methanogens in different niches is very likely supported by different substrates. 
Methanogenesis and sulfate reduction are the terminal steps in the diagenesis of 
organic carbon (Jørgensen, 1982), and both processes compete for some common 
substrates and electron donors, such as acetate and hydrogen. Indeed, in most 
anaerobic environments, methanogenesis and sulfate reduction are considered to 
be controlled significantly by the availability of sulfate (Winfrey & Zeikus, 1977), 
and eventually they are usually predominant in low-sulfate freshwater habitats 
and in sulfate-replete marine environments, respectively. The preference of 
methanogens for methylated C-1 compounds over hydrogen in marine 
environments reflects the competition that occurs with SRB. The latter are 
capable of utilizing hydrogen more efficiently, whereas they are usually unable to 
use the uncompetitive compounds as substrates (Oremland & Polcin, 1982). In 
our previous study, however, sulfate reducing bacteria (SRB) were not 
investigated along the depth profile, and so it is not possible to compare the 
spatial distribution and competition of these two anaerobic groups in each 
location along the vertical profile with varied substrate composition and 
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concentration. Future investigations using group-specific primers together with 
the chemistry analysis of sediments at various depths and in different locations 
would help to elucidate the niche specification of these two groups competing in 
tropical mangrove sediments. 
Methanogens utilizing different substrates for methanogenesis have been 
reported to coexist in various anaerobic marine (Goffredi et al., 2008; Lazar et al., 
2012; Torres-Alvarado et al., 2013) and freshwater (Kadnikov et al., 2012; Zeleke 
et al., 2013) sediments. Therefore, it is not surprising to find the high abundance 
of methanogenic activities in the tropical mangrove sediments in our study. Our 
findings reflected the high abundance of the methanogenic communities and the 
consequent major metabolic processes, which are likely to contribute to the total 
methane production in the tropical mangrove sediments. 
 
3.4.3 Principle component analysis 
Multivariate analysis was also performed to show the relationship between 
the methanogenic activities (based on mcrA gene level) recovered from the 
different locations and the associated abiotic factors (Figure 3.4 and 3.5). A 
minimum set of abiotic data, determined by the forward selection after removing 
factors with high collinearity, were included in the PCA. The first two main axes 
together explain the respective 57.76% (Figure 3.4) and 57.10% (Figure 3.5) 
overall variance. Both bioplots showed that samples from different depths of 
sample location tended to group with each other and distinct from other locations. 
Salinity, and concentrations of NH4+, NO3-, Mg and Ca explained most of the 
90 
 
spatial variations in the methanogenic activities. A negative correlation was found 
between NH4+ and mcrA gene abundance (Figure 3.4), whereas Mg and Ca were 
both positively associated with methanogenic activities since the angles between 
Mg/Ca and mcrA gene are very small (Figure 3.5). Ammonia has been identified 
as a key factor in the control of methanogenic activity because it possesses 
inhibition effects on hydrogenotrophic methanogens (Sprott & Patel, 1986; Wang 
et al., 2015). In our study, the NH4+ concentration along the vertical profile in SC 
was higher than in the other locations, possibly because of the algal bloom 
happened here several years ago, resulting in very low mcrA gene level detected. 
NO3- also inhibits methane production by affecting the turnover of both 
methanogenic precursors (i.e., H2 and acetate) and oxidants (sulfate, Fe(III)), and 
subsequently activating the dinitrifiers, and the sulfate- and iron-reducing bacteria 
to outcompete the methanogens (Klüber & Conrad, 1998). LCK had the highest 
concentration of NO3- as a result of the nitrogen fertilizers applied during 
agricultural activities; however, due to a lack of real-time quantitative data, we are 
not sure if the abundance of methanogens at this station was significantly lower 
than that at other stations with lower concentrations of NO3-. Mg and Ca usually 
form sulfate salts in soil and sediments in natural environment. High level of these 
two metal detected in sediments indicated high sulfate in certain location, leading 
the possibility of low sulfate reducing activities. As is known to all, sulfate 
reducing process and methanogenesis are competitive in natural environment. 
Low sulfate reducing process might result in high methanogenic activities, which 




Figure 3.4 PCA biplot based on mcrA gene level of samples collected from different locations with environmental parameters 
as explanatory variables. *p < 0.05. 











































Figure 3.5 PCA biplot based on mcrA gene level of samples collected from different locations with metals as explanatory 
variables. *p < 0.05.  
























































3.5  Conclusion 
Mangrove sediments are important resources of methane production due 
to its complicated ecosystem and various microbial processes. Therefore, a 
thorough investigation of the methanogenic activities residing indifferent depths 
of mangrove sediments is crucial for understanding the global methane fluxes that 
occur in the mangrove ecosystems and their contributions to global warming. In 
this study, by quantification of the mcrA gene, we identified a different 
distribution of methanogens among Singapore mangrove sediments. The high 
abundance of mcrA gene level at most station reflected the high potential for 
methane production, possibly with low acetate and high methylated C-1 
compounds as the available substrates. The abundance of methanogenic activity at 
the locations affected by anthropogenic activities was significantly different from 
that in the pristine SJ. In addition, a decline in the number of total methanogens 
was observed along the vertical profile in SC, which was heavily contaminated by 
ammonia due to algal bloom. The overall heterogeneity of the methanogenic 
activities residing in the tropical mangrove sediments could be largely explained 
by the effect of NH4+, as well as the concentrations of NO3-, Mg and Ca. 
However, whether the anaerobic methanogens present in the shallower layers of 
sediments (which are potentially oxygenated) are actively involved in methane 
production or not is still not clear. To further our understanding of the function 
and activity of methanogens in mangrove sediments, a more detailed survey of the 
active members and the different substrates they utilize, as well as their associated 
methane-production rate is required.  
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Chapter IV  
Bioelectrocatalyzed reduction of carbon dioxide in single-chamber 
microbial electrolysis cells 
4.1  Abstract 
Carbon dioxide is one of the main greenhouse gases that contribute to 
climate change and has to be effectively mitigated. Biofuels are promising 
solutions for carbon dioxide mitigation, but the cost-effectiveness of traditional 
biomass-based biofuel processes are still not satisfactory due to high costs 
associated with biomass processing and conversion. Alternatively, 
bioelectrocatalyzed reduction of carbon dioxide with microbial electrolysis cells 
(MECs) can use electricity to reduce carbon dioxide for biofuel generation, and 
expensive biomass processing and conversion costs can be saved. In this study, a 
single chamber MEC was set up with a pure culture of methanogen 
Methanolacinia paynteri to produce methane using carbon dioxide as the only 
carbon source and electricity as the only energy source. The effects of electrode 
materials, applied voltage, and temperature on reactor performance were further 
investigated. A maximum methane production rate of 716.2 mmol CH4/d/m
2 was 
achieved under an overall potential of 1.7 V and 37 ℃ with graphite as electrodes, 
which was significantly higher than those in conventional two-chamber MECs in 
the literature. Carbon conversion efficiency was identified as 52.1% in this study. 
The results suggest bioelectrocatalyzed reduction of carbon dioxide using single 




4.2  Introduction 
The increasing demand of energy consumption of fossil fuels had led to 
large quantities of carbon dioxide (CO2) released into the atmosphere and climate 
change issues. One solution to this issue is to explore possibilities of renewable 
energy to close the carbon cycle by converting waste to energy source (Centi & 
Perathoner, 2009). Among the newly developed renewable energy options, 
biofuels that store energy from carbon fixation have been considered as promising 
solutions. However, the cost-effectiveness of traditional biomass-based biofuel 
processes is still not satisfactory due to high costs associated with biomass 
processing and conversion (Nagarajan et al., 2013). New and sustainable 
techniques have been developed to produce biofuels, such as microbial 
electrolysis cells (MECs) (Jeremiasse et al., 2010; Logan et al., 2008; Logan et al., 
2006; Logan & Rabaey, 2012). MECs are modiﬁed microbial fuel cells that can 
convert electrical energy into biofuels (Call et al., 2009; Kiely et al., 2011; Logan 
et al., 2008; Nevin et al., 2010b; Wagner et al., 2009). The expensive biomass 
processing and conversion costs can be saved in MECs. 
Among all the biofuel products, methane has several advantages over the 
popular liquid biofuels, such as ethanol or butanol.(Frigon & Guiot, 2010) The 
production pathway of methane is relatively simple and has been well 
characterized. There are 3 possible routes for producing biomethane, including 1st, 
2nd and 3rd generation process.(Mohseni et al., 2012) The 1st generation process 
often refers to production from organic material without any chemical process 
involved, which is to a large extent commercially available today (e.g. digestion 
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biogas and sugar cane ethanol). The 2nd generation process is based on organic 
material but are to some extent treated either chemically or thermally to obtain the 
desired fuel. These processes are typically not commercial but possible in the 
near-term, for instance, fuels from biomass or black liquor gasification and 
cellulosic ethanol. The 3rd generation is a fully synthetic production through a 
variety of chemical reactions, which is still under exploration and far from 
commercialization (e.g. hydrogen used in fuel cells or synthetically produced 
methane). As a gaseous fuel, methane can be easily separated from liquid and 
utilized in the existing infrastructure that has been designed to transport biogas. 
Renewable methane is typically produced via anaerobic digestion by 
methanogens from substrates, such as acetate, formate, and biohydrogen gas, as 
reported in recent MEC studies.(Angenent et al., 2004; Clauwaert et al., 2008b; 
Hu et al., 2008; Tartakovsky et al., 2008; Tartakovsky et al., 2009) Although 
different carbon sources can be used for methanogenesis, methane generation in 
anaerobic digesters originates mostly from acetate (70%) with a smaller portion 
from hydrogen gas.(Angenent et al., 2004) Theoretical methane production rate of 
0.28-0.75 L/L/d in MECs at an applied voltage of -0.8V and actual methane 
production rate of 0.17 L/L/D without applied potential was obtained in a 
previous study indicate that 23-61% of the methane was generated from 
acetate.(Clauwaert & Verstraete, 2009) However, biomass-based methanogenesis 
processes require acetate to be supplied as carbon source and electron donor, 
which results in high biofuel production costs. 
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Compared to traditional biological technologies, MECs can overcome 
thermodynamic limitations and achieve high-yield production from wide range of 
feedstocks at relatively mild conditions (Zhang & Angelidaki, 2014). Every 
chemical and biological reaction needs a redox potential. By applying an extra 
potential, MECs trigger certain chemical and biological reaction to happen rather 
than wait it to be spontaneous. The combination of MECs and methanogenesis 
without biomass as carbon source could provide an alternative approach for 
potentially cost-effective biofuel production and CO2 mitigation. The well-known 
chemical process, Sabatier reaction, is the key process converting CO2 to CH4, 
which has been studied since the beginning of the 1900s by many research groups 
(Hu et al., 2007; Lunde & Kester, 1974; VanderWiel et al., 2000). As feedstock 
for biofuel production, CO2 has drawn researchers’ attention due to its low cost 
and relief of greenhouse gas emission.(Eerten‐Jansen et al., 2012) We describe 
methane production originating from the first generation, represented by digestion; 
the second generation, represented by gasification; and the third generation, 
represented by methane synthesised from carbon dioxide and hydrogen (Sabatier 
process). By implementation of process improvements and the Sabatier process, 
the biogas production (methane) can increase by 74% and 110% respectively in 
the digestion and gasification case.(Mohseni et al., 2012) However, MECs will 
not be likely to replace conventional anaerobic digestion processes, as MECs are 
more favorable for low-strength waste streams. Therefore, MECs can be a 
complement of anaerobic digestion e.g., as downstream process to polish 
anaerobic digestion effluent. This is the promising potential of MEC. Direct 
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production of methane in MECs holds several advantages compared to traditional 
anaerobic digestion processes. Firstly, organic matter oxidation and methane 
production are two separated processes in MECs which allow high methane 
content in biogas. Secondly, the process occurs at ambient temperature, i.e. 
heating is not required, thereby saving energy. Thirdly, methanogens can accept 
electrons directly from cathode, which may make the process more tolerant to 
toxic compounds such as ammonia.(Clauwaert et al., 2008a; Zhang & Angelidaki, 
2014) Fourthly, MECs can use waste streams with low organic matter content, 
where anaerobic digestion cannot function.(Villano et al., 2011) In a MEC for 
methane production from CO2 in a MEC, the following typical reactions could 
happen at electrodes: 
Anode:  H2O  2H+ + 2e- + ½ O2 
Cathode: CO2 + 8H
+ + 8e-  CH4 + 2H2O 
   or 2H+ + 2e-  H2 and CO2 + 4H2  CH4 + 2H2O 
Mixed cultures were commonly used in MECs and microbial 
compositions may affect the performance of methane production. A previous 
study indicated that methane generation in MECs was primarily associated with 
current generation and hydrogenotrophic methanogenesis but not acetate, 
suggesting that using CO2 can be used as the only carbon source is a promising 
approach to produce methane.(Wang et al., 2009) In another study, Cheng et al. 
set up a two-chamber MEC using electromethanogenesis to produce methane by a 
mixed culture and acetate was removed from cathode so the possibility of 
acetoclastic methanogenesis was ruled out.(Cheng et al., 2009) With this 
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configuration, biofilm was formed on the surface of the cathode and a CH4 
production rate of ~200 mmol CH4/m
2/d and CO2 consumption rate of ~210 mmol 
CO2/m
2/d at a potential of -1.0V were achieved. The current capture efficiency 
was 96% and the overall energy recovery was 80%.(Cheng et al., 2009) The 
dominant methanogen identified on the mixed culture biocathode was 
Methanobacterium palustre. However, when the type strain M. palustre was 
grown and used as a biocathode, the CH4 production rate (0.09 mmol CH4/m
2/d) 
was much lower than using a mixed culture biocathode. The phenomenon that 
pure cultures do not perform as well as mixed culture have been also reported in 
another study.(Xing et al., 2008) However, there are limited studies on using pure 
cultures to produce reduce CO2 in MECs. 
Additionally, reactor set up may affect the performance of MECs as well. 
Double-chamber MECs with proton exchange membranes were typically used in 
MEC reactors, but proton exchange membranes could be excluded to increase the 
efficiency of MEC. Membrane-less MECs in previous studies showed high 
hydrogen recoveries in single-chamber systems,(Hu et al., 2008) but there are 
limited studies on using pure cultures to produce methane in single-chamber 
MECs, and significantly lower CH4 production rate was observed with pure 
cultures.(Cheng et al., 2009) 
In summary, the advantage of methane utilization can provide a significant 
renewable energy source of future demand.(Pierie et al., 2015; Srirangan et al., 
2012; Zhen et al., 2014) The combustion products are environmental friendly and 
the technology to produce is relatively easy as for pathways and process design. 
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The application of methane is increasing since it can be used to produce 
electricity and for the purpose of heating as well. Besides, Compressed Natural 
Gas (CNG) is biogas that has been compressed and can be used as a fuel for 
vehicles. The most important point is that it also reduces the greenhouse effect by 
utilizing the gases being produced in landfills as forms of energy. This is a major 
reason why the use of biogas has started catching on. It recycles most forms of 
biodegradable waste and works on simple forms of technology. However, the 
technology advancement remains slow. Synthetic methods of 3rd generation 
process are still under lab scale and lots of optimization needs to be confirmed if 
we use MEC to produce biomethane.(Alatraktchi et al., 2014; Chen et al., 2013; 
He et al., 2014; Zhen et al., 2014) System upscaling of MECs is necessary in 
order to evaluate the industrial feasibility. The performance of MECs, especially 
for hydrogen production, seems satisfactory.  
However, complete new challenges respect to the cost and efficiency 
could be raised during scaling-up process. Though the electric energy recovery 
was above 70% in scaling-up reports, the coulombic efficiency and hydrogen 
production rate are still much lower compared to the maximum value observed in 
lab-scale studies, indicating the necessary of further optimization.(Gil-Carrera et 
al., 2013; Heidrich et al., 2013) Furthermore, electrode materials and reactor 
design are two serious issues associated with scaling-up. Cost-effective anode 
materials such as carbon fiber brush, carbon mesh or activated carbon, which are 
capable of efficient electron transfer from bacteria to electrode, could be an ideal 
option for MEC. On the other hand, considering that the percentage of CH4 (86%) 
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in the produced biogas was much higher than that of typical anaerobic digestion 
process (75%) (Cusick et al., 2011), membrane-less single chamber MECs are 
more suitable for CH4 production. 
The objective of this chapter was to study bioelectrocatalyzed CO2 
reduction in single-chamber MECs. We hypothesized that a pure culture could 
efficiently reduce CO2 with only hydrogenotrophic methanogenesis in a single-
chamber MEC system under optimized operation conditions. We set up MEC 
reactors with Methanolocinia paynteri (DSM 2545), and used carbon dioxide as 
the sole carbon source and electricity as the only energy source. Various operating 
condition were investigated and methanogenesis was quantified. The results could 
provide useful information for cost-effective production of methane in MECs. 
 
4.3  Material and methods 
4.3.1 Microbial culture 
The pure culture of M. paynteri (DSMZ 2545) was purchased from DSMZ, 
Germany. This species belongs to genus Methanoplanus in the family of 
Methanomicrobiaceae. It is a mesophilic, non-motile, pleomorphic methanogen 
that was isolated from a marine sediment.(Rivard et al., 1983; ZELLNER et al., 
1989) In our preliminary experiments of more than 20 methanogens, M. paynteri 
was identified as the one with highest CH4 production rates and therefore was 
selected for this study. The cell concentration was quantified with optical density 
(OD) values at 600 nm wavelength on a spectrophotometer during the cultivation 
and also measured via the cell-counting method using a disposable 
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haemocytometer (C-Chip, DHC-N01-5) and a microscope (Olympus CKX41). 
Modified medium DSMZ 274 was used for cultivation of M. Paynteri, but 
dissolved carbon sources sodium acetate and sodium bicarbonate were excluded. 
The medium was fed with H2 (80%) and CO2 (20%) under 1.5 bar pressure first 
and incubated at 35 ℃ for 3 weeks and 23℃ for another 3 weeks before 
experiments. Regular gas tests and re-pressurizing with H2 (80%) and CO2 (20%) 
during this period of acclimatization proved that M. paynteri can grow and 
produce CH4 at 23℃ without a dissolved carbon sources. Then the culture equally 
split up and inoculated into separate bottles of fresh modified medium 274 with 
CO2 as the only carbon source. All the chemicals were purchased from Sigma-
Aldrich. 
 
4.3.2 Single-chamber membrane-less MEC reactor 
A single-chamber membrane-less MEC reactor was used in this study 
(Figure 4.1). The reactor includes graphite electrodes with titanium wires, 
modified media with inoculum, and an external applied potential. Gastight serum 
bottles with a total volume of 595 ml in each bottle (295ml head space and 300 ml 
liquid media) were used as MECs to carry out the experiments. For each MEC, 
modified medium was sparged with pure CO2 for 15 min before sealing the 
bottles with butyl stoppers and aluminum crimps. The pH was initially adjusted to 
7 and then maintained by adding MOPS (3-morpholinopropane-1-sulfonic acid) 
buffer in the media according to the DSMZ protocol. Then 10% (v/v) inoculation 
was added into each setup and pressurized with 100% CO2 to 1.5-1.8 bar pressure. 
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Unlike a typical double-chamber MEC, a membrane was not used in this 
experiment to enable the protons from the anode to flow towards the cathode with 
minimal resistance from the membrane. Oxygen produced by water splitting was 
expected to be negligible and consumed by the reductants in the media, which 
was confirmed by the results of oxygen indicator (resazurin) that turns from 
colorless to pink due to the oxygen. The continuous production of methane in the 
reactor also suggests that oxygen was not a main issue for methanogenesis.  
 
 





4.3.3 Cathode potential and overall potential 
As an overall potential was supplied by a power source with for the 
reactor, the actual cathode potential was evaluated with a range of overall 
potential applied to the MEC reactor (Figure 4.1). Previous studies indicated that 
the optimal cathode potential should range between -0.6V and -0.8V for 
electromethanogenesis.(Clauwaert & Verstraete, 2009) A Metrohm Autolab 
Ag/AgCl/KCl reference electrode was also immersed together with the electrodes 
to measure cathode electrodes. The steady-state reading of potentials between the 
cathode and reference electrode (cathode potential) was recorded after 30 minutes. 
The correlation between cathode potential and overall potentials were recorded 
and the results indicate that cathode potentials between 0.6V to 0.8V were 
corresponding to overall applied potentials between 1.0V and 2.0V (figure 4.2). 
Instead of using a reference electrode and a potentiostat to fix cathode potential 
for the following MEC experiments, overall potentials was provided by a DC 
power supply to save equipment and operation costs. Although fixing cathode 
potential could potentially be more efficient, controlling overall potentials without 
using a reference electrode and a potentiostat in our study for a few weeks can 
provide useful information for building up a potentially cost-effective MEC 
reactor for field applications, which are often hindered by high construction and 







Figure 4.2 With fixed overall voltage applied, the distribution of cathode and 
anode voltage vs. SHE. To achieve cathode potentials between 0.6V to 0.8V, 
the overall potentials between 1.0V and 2.0V should be used. 
 
 
4.3.4 Gas measurement 
Gas samples were collected at regular intervals using a gas tight syringe 
and analyzed for the concentrations of H2, CO2, and CH4 using an Agilent gas 
chromatography system 7890A equipped with a thermal conductivity detector 
(GC-TCD). Before each gas sample was taken, the pressure in the serum bottles 
was measured using a digital pressure gauge. For each analysis, 1 ml gas sample 
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was collected from each reactor. The specific methane production rates were 
calculated as mmol CH4/m
2/d and mmol/L/d.  
 
4.3.5 Electrochemical measurements and efficiency calculation 
Applied potentials were supplied by direct current (DC) power supply. 
The current for each setup was measured over 5 min during each sampling by 
connecting the reactor to a potentiostat (Zahner PP200, Germany). The coulombic 
efficiency was calculated based on that described in a previous study.(Villano et 
al., 2010a) The electric charge (μeqi) that was transferred via the external circuit 
between the electrodes between each sampling day was calculated by integrating 
the average current measured over time between each sampling day. The 
coulombic value of the products, H2 and CH4 (μeqp), was calculated by 
multiplying the increase in amount of products since the previous sampling day 
by a conversion factor of 2 μeq μmol-1 and 8 μeq μmol-1 respectively. The 
coulombic efficiency between each sampling day was calculated as CE (%) = 
(μeqp/μeqi) × 100%. 
 
4.4  Results and discussion 
4.4.1 CO2 reduction under metal electrode materials 
A range of electrode materials had been tested in preliminary experiments. 
For each material, duplicate MEC reactors were used to calculate the variability 
and error bars. The experiments were conducted under room temperature (23℃) 
and the total applied voltage was 1.0V. The tungsten, nickel, and tantalum MECs 
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were the first sets of electrode materials to be tested in this study and MECs were 
operated for 43 days. 
In the large bottle MEC with tungsten electrodes, both the H2 and CH4 
volume had increased since the experiment started. Figure 4.3 shows the 
cumulative volume of gases in the MEC headspace during each sampling day. 
The simultaneous increase, together with the decrease in CO2 volume indicates 
that CH4 production was based on the reaction as per equation. As the H2 
produced was used as a substrate for CH4 production, the actual H2 produced by 
in the MEC was likely to be higher than measured, allowing CH4 production to be 
sustained. Consistent increase in hydrogen and methane production can well be 
correlated with the good electrical conductivity and moderate corrosion resistance 
of tungsten. 
 





Tungsten blue oxide (TBO) formation was observed from day 4. At the 
end of the experiment, the tungsten electrode had a distinct dark blue colour on 
the anode surface due to TBO formation. The chemical formula is WO2.9. Upon 
inspection of the electrodes, the diameter of the anode was observed to be smaller 
than that of the cathode due to the corrosion. This suggests that the oxidation of 
tungsten may be a source of electron donor for the production of H2. Water 
splitting due to water electrolysis may also contribute to the production of H2 in 
the MEC.  
The CH4 production rate was increasing since the start of the experiment. 
It peaked at day 14 at 121 mmol/m2/day and dropped drastically afterwards 
(Figure 4.4). This was despite increasing H2 concentration in the MEC. This could 
be due to inhibitory effects TBO has on the methanogens. Additionally, as the 
MEC being a batch reactor, the depletion of nutrients over the course of the 
experiment, may contribute to the decreased methanogenic activities. However, 




Figure 4.4 CH4 produced and CH4 production rate for tungsten electrode. 
 
In the large bottle MEC with nickel electrodes, both the H2 and CH4 
volume had increased since the experiment started. Figure 4.5 shows the 
cumulative volume of gases in the MEC headspace during each sampling day. 
The total CH4 produced increased sharply during the first 7 days and gradually 
stabilized (Figure 4.6). This was also reflected in the deteriorating methane 












This is because nickel was not resistant to corrosion and hydrogen 
production dropped due to the nickel anode being corroded, resulting in lower 
amount of hydrogen to support methane production. Additionally, this MEC had 
black precipitates in the bottles from day 4. This was due to the black nickel oxide 
formation at the anode. This suggests that the oxidation of nickel may be a source 
of electron donor for the production of H2. Water splitting due to water 
electrolysis may also contribute to the production of H2 in the MEC. However, the 
oxidation of nickel was likely to contribute more H2 as the decreasing rate of CH4 
production and the constantly decreasing H2 in the MEC, coupled with the 
observation of nickel corrosion indicate that the H2 produced is affected by the 
nickel corrosion. The anode dipped inside the media corroded completely and fell 
off on day 38. This was due to the poor corrosion resistance property of nickel. 
The maximum CH4 production rate was observed at day 3 at 0.818 mmol/m
2/day. 
The cumulative volumes of gases in the MEC with tantalum electrodes 
were shown in Figure 4.7. Methane production was seen as early as the third day 
of inoculation. After hitting the peak production rate on day 10, the production 
rates dropped drastically. This may be due to the fluctuating in situ H2 production 
with the less conductive tantalum electrode couple having an electrical 
conductivity of 8.1E+06 S/m. Negative production rate recorded may be due to 
the difficulty in detecting the small amount of CH4, resulting in inconsistent 








4.4.2 CO2 reduction under carbon electrode materials 
After preliminary experiment of 3 sets of metal material, the carbon cloth 
and carbon fibre with copper connectors MECs were the second set of electrode 
materials to be tested in this study to prevent corrosion of electrode and MECs 
were operated for 42 days. 
With carbon cloth electrode, the rate of CH4 production was increasing 
gradually from the start of the experiment and remained relatively high until day 
33, when the total CH4 produced in the system started to plateau (Figure 4.8). 
There was a general decreasing trend of CO2 in the MEC and an increasing trend 
of CH4 in the MEC over the course of the experiment. The decreasing CO2 was 
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due to CO2 taken for cell growth as well as for CH4 production. The rate of 
production of CH4 was fluctuating throughout the experiment with a peak of 44.6 
mmol/m2/d at day 19. The overall trend however can be seen to peak around day 
19 and gradually started to decrease, as can be seen in Figure 4.9. The CH4 
production rate dropped more gradually after day 30. This was despite relatively 
high H2 in the system. This could be due to the decreasing nutrients in the 
medium due to the system being a batch reactor. 
 
Figure 4.8 Cumulative gases produced with carbon cloth electrodes and 





Figure 4.9 CH4 produced and CH4 production rate for carbon cloth electrode 
with metallic connectors. 
 
The metallic connector on the anode connecting the carbon cloth to the 
wire, which was inserted into the MEC from the butyl stopper and connected to 
the power supply outside the MEC, in the MEC was observed to have corroded. 
This was unexpected and may be due to the carbon cloth being able to absorb 
liquid, creating a direct connection between the metallic connector and the 
electrolyte. The corrosion of the metallic connector may have contributed H2 to 
the system. However, the contribution of H2, due to the oxidation of the metallic 
connectors or water splitting due to the potential applied, cannot be identified. 
The overall coulombic efficiency of the MEC over 42 days was ~30% (Table 4). 
On the other hand with carbon fibre electrode, the total amount of CH4 
produced visibly increase only after day 24 and sustained until day 37 before it 
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start to drop (Figure 4.10). This could be due to low H2 production, which was 
insufficient to support the production of CH4. 
 
Figure 4.10 Cumulative gases produced with carbon fibre electrodes and 
metallic connectors using M. paynteri. 
 
The metallic connector on the anode connecting the carbon fibre to the 
wire in the MEC was observed to have corroded. Similar to that of the carbon 
cloth MEC, this observation was unexpected and may be due to the carbon fibre 
being able to absorb liquid, creating a direct connection between the metallic 
connector and the electrolyte. The current increased significantly after 29 days 
(data not shown), which can be related to the increase CH4 production rate after 
day 27. This is likely to increase the H2 production. However, as corrosion of the 
metallic connector was observed, the contribution of H2, due to the oxidation of 
the metallic connectors or water splitting due to the potential applied, cannot be 
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identified. The overall Coulombic efficiency of the MEC over 42 days was ~5%. 
Such a low coulombic efficiency indicates the ineffectiveness of carbon fibre as 
an electrode material for the MEC.  
 
Figure 4.11 CH4 produced and CH4 production rate for carbon fibre 
electrode with metallic connectors. 
 
To prevent the corrosion of copper connectors and ineffectiveness of 
carbon fibre, the carbon cloth and carbon plate with titanium connectors and wires 
MECs were the third set of electrode materials to be tested in this study and 
MECs were operated for 42 days. 
For the reactor with carbon cloth electrodes, there was a general 
decreasing trend of CO2 and an increasing trend of CH4 in the MEC over the 
course of this experiment. The rate of CH4 production fluctuated throughout the 
experiment and showed no clear peak until day 36, where a distinct peak of 3.58 
mmol/m2/d was observed (Figure 4.12). The amount of cumulative H2, CO2, and 
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CH4 produced in the MEC was monitored. Before day 32, the amount CH4 and H2 
in the MEC was relatively stable, with a slight increasing trend. After 32 days of 
incubation, there was an obvious increase in amount of CH4 in the MEC and also 
an obvious reduction in the amount of H2, suggesting that the production of CH4 
in the MEC was affected by the amount of H2 and reactor performance could be 
simply optimized by improving H2 production in the MEC. The experiment ended 
after 42 days with a coulombic efficiency about 4%. This value was relatively low, 
which was possibly because the energy from H2 was mainly used for cell growth 
as the amount of biomass in the MECs increased significantly. 
 
Figure 4.12 CH4 produced and CH4 production rate with carbon cloth 
electrodes. 
 
For the reactor with graphite plate electrodes, the cumulative CH4 
increased slowly initially but then significantly increased after 20 days of 





































































incubation, and the amount of H2 over the same period decreased accordingly 
(Figure 4.13). Compared with the results of MECs with carbon cloth electrodes 
(Figure 4.12), the amount of H2 in the system with graphite plate electrodes 
significantly decreased after 15 days of incubation and the CH4 production rate 
reached highest between after the 18th to 24th day, which is much quicker than 
carbon cloth setup. Such a difference suggested that graphite plate generated H2 
more efficiently so methane could be produced faster. The observed fluctuation 
on methane production was possibly due to fluctuating H2 production rates. The 
experiment ended after 42 days with the coulombic efficiency at about 9%. 
 
Figure 4.13 CH4 produced and CH4 production rate with graphite plate 
electrodes. 
 
The comparison of CH4 production of carbon cloth and graphite plate 
electrodes indicated that graphite plate electrodes show higher cumulative CH4 
production and better production rate. The better performance with graphite plates 








































































was likely due to the better conductivity of orderly arranged carbon structure in 
the graphite plates, which resulted in stable electric current to power the MECs so 
cells on the electrodes or in the solutions can produce more H2 and CH4. For both 
types of MECs, H2 in the system was relatively low and a correlation between the 
H2 and CH4 in the MEC systems can be observed. Such a correlation suggested 
that H2 was a major limiting factor for CH4 production and both the carbon cloth 
and graphite plates were not good enough to provide sufficient H2 for high CH4 
production at room temperature. Therefore, other operation parameters were 
investigated to optimize the efficiency of MECs. 
 
4.4.3 Improved CO2 reduction under optimized applied potentials 
Since H2 production was likely the limiting factor in this single-chamber 
MEC system, it is important to produce more H2 to support CH4 production. Thus, 
overall applied potentials of 1.1 V, 1.3 V, 1.5 V and 1.7 V were tested. Negative 
controls without methanogens were used to confirm that methane production was 
from M. Paynteri instead of other chemical processes. Only H2 was detected and 
no CH4 was detected in negative control reactors. All MECs were moved into 
incubator of 37℃ to maintain the optimum growth temperature for DSM 2545. 
Among all the tested applied overall potentials, 1.7 V was identified as the most 
optimal potential to support CH4 production with a cumulative amount of 3.65 
mmole CH4, which was more than 10 times higher than total amount of CH4 
produced under 1.1 V and 1.3 V, and almost 4 times higher than that under 1.5 V 
(Figure 4.14). The high amount of produced CH4 under high applied potentials 
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could be attributed to the fact that an increased potential across the MEC led to 
high amounts of water splitting and H2 generation. The theoretical minimum 
potential required for water splitting is 1.23V, which is lower than the potentials 
in the 1.5V and 1.7V bottles. The high levels of H2 supported and strengthened 
the growth of methanogens, leading to higher CH4 production. The level of 
methane in the 1.1 V and 1.3 V bottles stabilized after day 15. Such a 
phenomenon showed that the consumption and production of H2 had reached a 
balance in 1.1 V and 1.3 V bottles, indicating that H2 produced was used up 
quickly and it was not enough to support further growth of methanogens. While 
for the 1.5V bottle, the stabilization occurred around day 30, and the 1.7V bottle 
continued to show a steady increase in its level of methane. Under these 
conditions, H2 production exceeded the consumption so that the biomass 
continued to increase and produced more CH4 since methanogenesis was the only 
metabolic pathway for them to gain energy. The performance in 1.7V bottle 
strongly proved that the limitation of CH4 was overcome with excess amount of 
H2 or electrons, suggesting that applied potential is one of the key operation 




Figure 4.14 Comparison of methane production under different applied 
potentials. 
 
The energy conversion efficiencies from H2 to CH4 among four different 
potentials were similar and quickly reached around 99% after 10 days of 
incubation (Figure 4.15). The results indicated that the energy were mostly 
consumed for cell growth initially and then were converted mostly to produce 
methane. The highest coulombic efficiency for all the bottles was observed at the 
beginning of the experiment, which was probably due to the rapid increase in H2 
production in the MEC due to water splitting. No color change in the resazurin-
containing media was observed, suggesting that low level of oxygen produced 
were consumed by reductant in the media. The lack of oxygen was confirmed 
with GC analysis. There was also a rapid increase of biomass during the first few 






































days. During the first few days of incubation, methanogens were likely under their 
exponential phases and their metabolic activities were high and CH4 also 
increased rapidly. The rapid increase and high levels of H2 from water splitting 
led to the high coulombic efficiencies. However, H2 was quickly consumed by the 
methanogens and dropped gradually. 
 
Figure 4.15 Comparison of energy conversion efficiency under different 
voltages. 
 
The preliminary calculation of coulombic efficiency of the reactor 
operated under 1.7 V exceeded 100%, which was possibly caused by other 
chemical reactions in the solution, such as the oxidation of metal ions. Oxidation 
of additional chemical in the solution could provide additional electrons for 




































methanogens to produce high levels of CH4, which was not accounted for the 
initial calculation of coulombic efficiency. However, it is difficult to quantify the 
amount of electrons released from the additional oxidation reactors because there 
were many different chemicals in the solution and more than one reduction-
oxidation reaction could have happened. Some chemical deposition on the anode 
surface was also observed. The possibility of color change due to the production 
of oxygen that react with resazurin was relatively low because no oxygen was 
detected by GC analysis. After the additional chemicals were oxidized and fully 
used up, the coulombic efficiency of the reactor operated under 1.7 V reduced to 
below 100%.  
The applied voltage of 1.8V was also tested, but the media changed its 
color in a very short time, which was likely caused by strong oxidation of some 
chemical compounds, such as the oxidation of ferric ion, whose redox potential is 
0.73V, in the compound ferric ammonium sulfate in the culture medium. A large 
amount of H2 was also detected with a very high pressure inside the bottle, but no 
CH4 production was detected. The high applied potential of 1.8 V and other 
oxidation productions may be toxic and inhibited the growth of M. Paynteri. No 
oxygen was detected by GC analysis, which confirmed that oxygen was not the 
reason for this color change in the media. The results indicated that an overall 
potential should be below 1.8V for efficient electromethanogensis by M. paynteri 
in single-chamber MECs. 
The carbon conversion efficiency from CO2 to CH4 significantly increased 
as applied potential increased and reached 52.1% under 1.7 V, which was much 
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higher than those under other applied potentials (13.5% under 1.5 V , 4.81% 
under 1.3 V, and 4.81% under 1.1 V). These results indicated that 1.7V was the 
optimal potential for CH4 production in the MEC. Although the potentials used in 
our study were higher than those commonly used in conventionally MECs that 
were designed to study direct electron transfer between microorganisms and 
electrodes, the slight increase (<1 V) of overall voltage in our study significantly 
improved the overall performance of our MEC reactor for CO2 reduction. 
Although H2 production may have dominated the energy conversion process for 
CO2 reduction in our MEC reactor, we have significantly improved 
bioelectrocatalyzed CO2 reduction with only slightly increased energy input and 
the results suggest that the optimized MEC reactor could be a cost-effective 
technique for CO2 mitigation. 
 
4.4.4 Effects of temperature 
The effect of temperature on the production of CH4 was further tested 
under the optimal potential (1.7 V). The results showed the cumulative CH4 
production in the MECs operated at 37℃ had the best performance (Figure 4.16), 
as 37℃ is the optimal growth temperature for M. Paynteri. For the MEC operated 
under 29℃, a lag time of 6 days was observed before CH4 production became 
significant, which was likely the required time for M. Paynteri to acclimatize to 
the lower temperature. For the operated at 23℃ (room temperature), a very low 
level of CH4 was produced at all, which is consistent with the results for the 
testing of different electrode materials (Figures 4.14 and 4.16). This was probably 
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because M. Paynteri grew very slowly under room temperature, and slow growth 
also explained the low CH4 production observed in Figures 4.14 and 4.16. 
 
Figure 4.16 Moles of methane produced under different temperature 
conditions. 
 
High levels of H2 were observed in all reactors operated under 12℃, 29℃, 
and 37℃. The experiments was stopped after 15 days of incubation because the 
pressures in the bottles increased rapidly due to the rapid increase in H2 
production under high voltage of 1.7 V. This part of experimental results 
indicated that temperature was a significant growth condition for this strain to 
generate methane in the membraneless MEC system. If we want to save the 
energy consumption of maintaining the temperature, the efficiency of methane 

































production will drop considerably. This is an important instruction for future 
development of scaling up this system. 
 
4.4.5 Comparison with results in the literature 
The comparison of CH4 production rates was compared with the results 
from the literature (Table 4.1). Although the maximum CH4 production rates (200 
- 400 mmole CH4/d/m
2) with mixture cultures in the literature.(Cheng et al., 2009; 
Villano et al., 2010a) were higher than those with M. paynteri under 1.0 V and 1.3 
V, significantly higher maximum CH4 production rates were obtained under 1.5 V 
and 1.7 V with in situ generated H2 through water splitting in this study. The 
highest CH4 production rate achieved 716.2 mmole CH4/d/m
2. In previous studies, 
CH4 production rates reduced significantly with pure cultures and only 0.09 
mmole CH4/d/m
2 was observed with a pure culture biocathode direct electron 
transfer,(Cheng et al., 2009) while we successfully achieved much higher CH4 
production rates with slightly increased applied potentials and temperature with 
M. paynteri. High CH4 production rates from the oxidation of elemental metals 
were also recorded in another study.(Belay & Daniels, 1990) Although elemental 
metals could be used as electron sources to provide more electrons, these metals 




Table 4.1 Comparison of CH4 production by electromethanogenesis with previous studies and literature 
 
Anode Cathode Electron donor Reactor Type Potential  
(V vs SHE) 
Maximum CH4  
production rate  
(mmole CH4/L/d) 
Maximum CH4  
production rate  
(mmole CH4/d/m2) 
Methanogen strain Reference 
Carbon brush Carbon cloth H+ from water 
splitting 




Carbon paper externally dosed H2  Two-chamber  MEC -0.9  400 mixed culture (Villano et al., 
2010a) 












Carbon cloth Carbon cloth H2 from water 
splitting 
Single chamber MEC -1.0 0.045 3.6 Methanolacinia paynteri  This study 
Graphite plate Graphite plate H2 from water 
splitting 
Single chamber MEC -1.0 0.078 12.0 Methanolacinia paynteri  This study 
Graphite plate Graphite plate H2 from water 
splitting 
Single chamber MEC -1.5 0.392 301.9 Methanolacinia paynteri  This study 
Graphite plate Graphite plate H2 from water 
splitting 




The results in this study suggest both applied potential and temperature are 
two key parameters for MEC performance. Optimal temperature and appropriate 
applied potential can significantly improve the performance of MECs. For 
industrial applications, these two parameters can be optimized to provide a high 
efficiency for CH4 production. As indicated in this study, commonly used room 
temperature and -1.0 V are probably not optimal for MEC operation, and bench-
scale testing to identify optimal temperature and applied potential could greatly 
help growth of methanogens and overall CH4 production efficiency. 
 
4.5  Conclusion 
This is a groundbreaking study to use pure culture of M. paynteri to reduce 
CO2 to produce CH4 using in situ produced H2 as an electron donor in a cost 
effective single-chamber membraneless MEC. No soluble carbon source was used 
so the expensive biomass processing cost was saved. A CH4 production rate of 
716.2 mmol CH4/d/m
2 was achieved with pure culture of M. paynteri under -1.7 V 
and 37 ℃. With the optimized conditions of electrode materials, applied potential, 
and operating temperature, high CH4 production rates were observed with CO2 as 
the only carbon source and electricity as the only energy source. This study 
provides a potentially cost-effective approach to reduce CO2 through 
bioelectrocatalysis. Further physiology studies on CO2 reduction using 





Reductive Dechlorination of Tetrachloroethylene (PCE) in 
Membraneless Single-chamber Microbial Electrolysis Cell 
5.1  Abstract 
Microbial reductive dechlorination of the tetrachloroethylene (PCE) is 
attracting much attention in cleanup of the contaminated environment. 
Nevertheless, most PCE dechlorinating cultures cannot reach high biomass to 
maintain their dechlorination activities, which hinders subsequent bacterial 
enrichment and isolation processes. The application of a novel biotechnology to 
this area is still limited. In this study, 10 microcosms established with sludge, 
soils and sediments were screened for their dechlorination activities on PCE. 
After several months of incubation and transfer, 6 out of 10 microcosms showed 
significant PCE dechlorination with distinct dechlorination patterns (cis-DCE or 
trans-DCE as intermediates). The microbial compositions of these 6 microcosms 
were extensively studied. Culture 2 and 3 was further utilized as inoculum for a 
novel membraneless single-chamber microbial electrolysis cell. Results showed 
that MEC reactor could largely (>50%) accelerate the PCE dechloriation with 
different sources and stimulated the growth of certain dehalorespirators to achieve 
complete PCE dechlorination to ethene. Pyrosequecing data also supported the 
more efficient and safe microbial function of MEC cultures. This study broadens 
our knowledge in microbial reductive dechlorination of PCE, and provides 
essential information for culturing and stimulating PCE dechlorinators by using 
MEC for in situ bioremediation applications. 
130 
 
5.2  Introduction 
Nowadays chemicals that had not previously been detected (or were 
previously found in far lesser concentrations) and discovered in the water supply, 
are known as “contaminants of emerging concern” or simply "emerging 
contaminants." Emerging contaminants draw worldwide attention because the risk 
they pose to human health and the environment is not yet fully understood. One 
kind of these emerging contaminants is man-made halogenated organic solvents, 
presenting unique challenges to determining their fate in the environment because 
of their physiochemical properties. They are more oxidized due to the presence of 
electronegative halogen substituent, which makes them relatively stable for better 
usage but resistant to biodegradation under aerobic conditions. Therefore, in the 
subsurface environment, reduction of these solvents is more likely to occur than 
oxidation in particular for polyhalogenated compounds. These polyhalogenated 
compounds and their byproducts have a tendency to accumulate in the ecosystem 
including sediments, sludge, soils, and groundwater. One significant tool to 
detoxify these compounds is the microbial reductive dechlorination of chlorinated 
solvents in the natural environments (Smidt & de Vos, 2004). Generally, two 
basic mechanisms are involved with reductive dehalogenation, abiotic (or 
cometabolic), and biotic (metabolic) conversion. But in general, most abiotic 
transformations are slow, but can still be significant within the time scales 
commonly associated with the movement of groundwater. In contrast, biotic 
transformations typically proceed much faster, provided that there are sufficient 
substrate and nutrients and a microbial population that can mediate such 
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transformations (Vogel et al., 1987). It serves as the primary mechanism for the 
transformation of chlorinated solvents in the contaminated sites. Halogenated 
compounds can serve in three different metabolic functions in anaerobic bacteria: 
1) as carbon or energy source or both, 2) as substrate for cometabolic activity, and 
3) as terminal electron acceptor in an anaerobic respiration process (Holliger et al., 
2004). The last respiration process, also termed as microbial reductive 
dehalogenation, contributes to the primary metabolism (Zinder, 2010) by 
hydrogenolysis mechanism, referring to the displacement of a halogen substituent 
with hydrogen. 
In the reductive dehalogenation process, halogenated compound serves as 
terminal electron acceptor resulting in energy production for microbial growth, 
which is known as (de)halorespiration. Various studies have figured out that some 
halogenated compounds are commonly used by bacterial species as growth 
substrates, e.g., chloroethenes, chloroethanes, chlorophenols, chlorobenzenes, 
polychlorinated biphenyls (PCBs), polybrominated diphenyl ethers (PBDEs), and 
polychlorinateddibenzo-p-dioxins (DD)/dibenzofurans (PCDD/Fs) (Bayona & 
Albaigés, 2006; Bunge & Lechner, 2009; Häggblom et al., 2006; Lee & He, 2010; 
Zhang & Bennett, 2005). With recent development of rapid and inexpensive 
molecular techniques, bioremediation industry developed rapidly for the PCE, 
TCE or TCA-contaminated sites/soil/groundwater. With the advent of molecular 
techniques, the dehalorespiration process for halogenated solvents has been 
understood and shown to be carried out mainly by three distinct groups of 
microorganisms, 1) genera Dehalobacter and Desulfitobacterium in the 
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Peptococcaceae family in the Firmicutes, 2) members (Anaeromyxobacter, 
Desulfuromonas, Geobacter, Desulfomonile, Geobacter, Desulfononile, 
Desulfovibrio, and Sulfurospirillum) of the delta (δ) and epsilon (ε) subphyla of 
the Proteobacteria, and 3) the Dehalococcoides-predominant group in the 
Chloroflexi (Taş et al., 2010; Zinder, 2010). Among these three groups, the 
majority of these bacteria transform PCE or TCE to cis-DCE, only 
Dehalococcoides spp. are a unique group that is capable of completely 
dechlorinating PCE to ethene (Bombach et al., 2010). The incompleteness of this 
PCE dechlorinating process by microbes is a big issue for researchers and 
engineers as the toxicity and potential carcinogenicity of those intermediates 
remain unchanged or even more severe.  
The first pure culture strain that demonstrates growth and energy 
production coupled to complete reduction of PCE to ethene, termed as 
dehalorespiration, is Dehalococcoides ethenogenes strain 195. Since then, the 
bioremediation technologies have never stopped advancing popularity among 
many  other approaches in that it has advantages over other physicochemical 
methods in terms of cost and environmental impact (Bradley, 2003). The major 
advantages of bioremediation have been attributed to its capability in completely 
destroying the contaminants, less expensive than other remediation options. 
Additionally it can treat both dissolved and sorbed contaminants and can move 
with the contaminant plume, which makes it not limited to a fixed area, typical of 
chemical flushing or physical technologies. Although bioremediation usually 
proceeds at modest rate and it may take relatively longer time to complete the 
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cleanup than other methods, more and more practices have found that 
bioremediation is suitable for the treatment of a widely spread contamination of 
chlorinated solvents with low concentration, particularly those after the treatment 
of the core contamination by other methods. Current bioremediation technology 
can be divided into three separate processes, designated as off-site, on site and in 
situ (Kurisu, 2008). Off-site biological treatment includes methods practiced at 
waste treatment facilities or sewage treatment plants. Off-site biological treatment 
includes methods practiced at waste treatment facilities or sewage treatment 
plants. On-site biological treatment usually needs excavation of soils or pumping 
of groundwater to remove contaminants, followed by immediate treatment at 
contaminated sites. It may involve composting or bioreactors operated in 
engineered systems, such as bioventing, biosparging, direct injection method, 
groundwater circulation, permeable reactive barriers, photoremediation. In situ 
bioremediation (ISB) refers to the enhancement of biological activity in place. It 
may involve manipulation of eco-environmental conditions, such as introduction 
of selected inocula (bioaugmentation) or pumping of groundwater for better 
hydrogeological control or essential nutrients (biostimulation) but without 
engineered systems.  
Recently, with the development of bioelectrochemical process, researchers 
seek a new point of view for reductive dehalogenation. The ability of 
microorganisms to “communicate” with solid-state electro des by exchanging 
electrons with them, either directly or via redox mediators, has recently received 
considerable attention by the scientific community. This interesting feature is 
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currently being explored as a strategy to produce sustainable electricity or 
H2 from the bacterial oxidation of organic waste materials in microbial fuel cells 
or to biologically reduce oxidized pollutants in bioremediation systems. Some 
authors have proposed the use of bio-electrochemical systems for the reduction of 
chlorinated compounds or nitrate. For example, Skadberg and col leagues 
performed batch studies with a mixed culture in an electrochemical cell and 
showed that 2,6-dichlorophenol was reductively dechlorinated to 2-chlorophenol 
when an electric current was passed (Skadberg et al., 1999).  Other researchers 
have employed bio-electrochemical systems for stimulating microbial 
denitrification (Goel & Flora, 2005; Szekeres et al., 2001; Tan et al., 2006).  
As for the application of bioelectrochemical processes in the field of 
bioremediation, it was shown that members of the Geobacter family biologically 
reduce nitrate to nitrite or U(VI) to relatively insoluble U(IV)  using a graphite 
cathode polarized to −500 mV (vs Ag/AgCl) as the sole electron donor (Gregory 
et al., 2004; Gregory & Lovley, 2005). Another example, Thrash and colleagues 
showed that washed cells of Dechloromonas and Azospira species readily reduced 
90 mg/L perchlorate, with a solid-state electrode as an electron donor, with 2,6-
anthraquinone disulfonate (AQDS) as a mediator (Thrash et al., 2007). No 
perchlorate was reduced in the absence of cells or AQDS, or in an open-circuit 
control. Many chemicals can be used as redox mediators for electron transfer, 
such as methyl viologen (MV), with the presence of which tricoloroethene (TCE) 
was reduced to ethene in a novel BEARD (Bio-Electrochemically Assisted 
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Reductive Dechlorination) system with a polarized glassy carbon electrode 
(Aulenta et al., 2008; Aulenta et al., 2007).   
Most dehalogenating bacteria cannot directly transfer electrons to solid 
electrodes like Geobacter but, rather, require a soluble redox mediator, which 
serves as an electron shuttle between the cells and the electrodes. In the BEARD 
process, the mediator, either dissolved in the bulk liquid or physically “anchored” 
to the electrode surface, facilitated the shuttling of electrons from the carbon 
electrode to the dechlorinating bacteria. With a solid-state electrode polarized 
only to −450 mV (vs SHE), electron donor can be provided for the microbial 
reductive dechlorination. This finding revealed that the dechlorinating bacteria 
represented quite an exceptional and previously unrecognized biocatalytic system 
for H2 production.  
Previous studies with pure culture Dehalococcoides ethenogenes Strain 
195 revealed that chemically reduced methyl viologen (MV), could act as an 
artificial electron donor in the reductive dechlorination of TCE by whole cells 
(Nijenhuis & Zinder, 2005). Another study utilized a flow-through column system 
for microbial dechlorination of tetrachloroethene (PCE) to ethene, stimulated by 
hydrogen produced by water electrolysis (Lohner & Tiehm, 2009). Dechlorinating 
bacteria Dehalococcoides spp. and Desulfitobacterium spp. were detected and the 
process could reach an average removal of approximately 23 μmol/d PCE with a 
current density of 0.05 mA/cm2. These results are promising for environmental 
applications, since with electrolysis hydrogen can be supplied continuously to 
chloroethene degrading microorganisms, and the supply rates can be easily 
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controlled by adjusting the electric current. However using bioelectrochemical 
system for reductive dehalogenation is still at early stage, more detailed 
presumption and experiment should be conducted for this technology to be 
applied for this combined onsite and in situ treatment. 
In this chapter, 10 sludge, soil and sediment samples were collected from 
different locations to set up microcosms for screening of PCE dechlorinating 
microbes. From them, 6 sediment-free cultures with distinct dechlorination 
specificities were successfully established without amending any 
sediments/sediment-substitutes. In the meantime, 2 enriched cultures from distinct 
representative sources, selected from these 6 cultures above were inoculated into 
our self-designed single-chamber microbial electrolysis cells (SCMEC) to 
evaluate the performance of applying our MECs for reductive dehalogenation. 
Initial phylogenetic insights into key dechlorinators were also gained by using 
16S rRNA gene-based techniques. In the sediment-free cultures and MEC setups, 
the growth of PCE dechlorinators coupled with PCE dechlorination was 
quantified by using realtime PCR. 
 
5.3  Material and methods 
5.3.1 Chemicals 
Unless stated otherwise, chemicals were purchased from Sigma-Aldrich at 
the highest purity available. H2 was obtained from a hydrogen generator (NM-
H250, Schmidlin-DBS AG, Neuheim, Switzerland). The DNA extraction kits 
were obtained from Qiagen (QIAGEN, Hilden, Germany), and the GoldTaq DNA 
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polymerase and related PCR reagents were purchased from Applied Biosystems 
(Foster City, CA, USA). 
5.3.2 Microcosm preparation, culture transferring, and growth conditions 
A total of 10 samples were collected in 2 Asian cities, including Shanghai 
and Singapore. The characteristics of samples are shown in Table 5.1. The 
sublayer soil and sediment samples (sampling depth, 5–20 cm) were acquired 
directly by filling sterile 50-ml plastic Falcon tubes that were capped and 
transported to the laboratory at an ambient temperature. Sludge samples were 
collected directly from the bioreactors and wastewater reclamation plant by 50-ml 
plastic Falcon tubes. Concentrations of PCE in these samples were below 
detection limit. To control exposure of the samples to air, Falcon tubes were 
sealed with Parafilm (Pechiney Plastic Packaging Company, Chicago, IL, USA), 
and microcosm setup was conducted in anaerobic chamber as described soon after 
their arrivals (He et al., 2006). Briefly, 30 ml of bicarbonate-buffered mineral 
salts medium amended with 10 mM of lactate were dispensed into 60 ml serum 
bottles containing, 10% inoculation of collected samples (Cole et al., 1994; 
Loffler et al., 1997). L-cysteine and Na2S·9H2O (0.2 mM each) were added to the 
medium to achieved reduced conditions. The medium was sparged with pure N2 
for 1 h during preparation before sealing the bottles with with black butyl rubber 
septa (Geo-Microbial Technologies, Inc, Ochelata, OK, USA) and secured with 
aluminum crimp caps. After that, a 1.5 µl of PCE was spiked into the medium to a 
final nominal concentration of 50 ppm. The microcosms were incubated in the 
dark at 30ºC. PCE dechlorination activities were measured every 2 days by gas 
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chromatograph equipped with a flame ionization detector (GC-FID) as described 
in the following section. Cultures were transferred when observing obvious PCE 
dechlorination activity. After several months, a total of six sediment-free cultures 
were obtained after at least 5 times of transferring supernatant of the active 
microcosm to the same medium (5%, v/v) as described above. All experiments 
were set up in triplicates. Duplicate abiotic controls and non-PCE controls were 
also set up for each experiment under the same conditions but without bacterial 
inocula and PCBs injection, respectively. 
Table 5.1 The characteristics of samples used in this study. Among these 10 
sources, only sample 6, 7, 8 were collected from Shanghai, China.  
 
No. Sample name Sample type Sampling location 
1 AS-SXQ-WS2 Aerobic activated sludge Aerobic bioreactor in NUS workshop 2 
2 AAS-SXQ-WS2 Anaerobic activated sludge Anaerobic bioreactor in NUS workshop 2 
3 AS-CQQ Aerobic activated sludge Ulu Pandan Water Reclamation Plant 
4 SY-SG1-CE-1 Enriched Sediment Woodlands, amended with TCE/PCE  
5 SY-SG1-TA-1 Enriched Sediment Woodlands, amended with 1,1,1-TCA  
6 SFCN Soil Steel factory in Shanghai, China 
7 CFCN Soil Coal field in Shanghai, China 
8 GSCN Soil Gas station in Shanghai, China 
9 DS930 Digested sludge Water hub, collected at 9:30am 
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10 DS230 Digested sludge Water hub, collected at 2:30pm 
 
 
5.3.3 Single-chamber membrane-less MEC reactor 
A single-chamber membrane-less MEC reactor was used in this study 
(Figure 5.1). The reactor includes graphite electrodes with titanium wires, 
modified media with inoculum, and an external applied potential. Gastight serum 
bottles with a total volume of 60 ml in each bottle were used as MECs to carry out 
the experiments by adding 30 ml bicarbonate-buffered mineral salts medium 
amended with 10 mM of acetate and 10% (v/v) inoculation of 2 selected enriched 
cultures. The medium was sparged with pure N2 for 1 h during preparation before 
sealing the bottles with with black butyl rubber septa and secured with aluminum 
crimp caps. After that, a 10 µl of PCE was spiked into the medium reaching a 
final nominal concentration of 97.8 µmoles/bottle. An overall potential of 1V was 
supplied by a power source with for the reactors to reach the actual cathode 
potential around −450 mV (vs SHE) for microbial reductive dechlorination of 
PCE, as previously described. Meanwhile, positive controls with same medium 
and inoculum sparged with H2 gas as electron donor were set up, as well as 
negative control with same medium and no inoculum powered by 1V applied 
voltage. These two controls are conducted to compare the effectiveness and 
efficiency of dehalogenating activities in both MEC setup and traditional biomass 
enrichment, and to confirm the whole process is biological pathway rather than 
abiotic electrochemical process, respectively. Unlike a typical double-chamber 
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MEC, a membrane was not used in this experiment to enable the protons from the 
anode to flow towards the cathode with minimal resistance from the membrane. 
Oxygen produced by water splitting was expected to be negligible and consumed 
by the reductants in the media, which was confirmed by the results of oxygen 
indicator (resazurin) that turns from colorless to pink due to the oxygen. 
 
 
Figure 5.1 MEC setup design using a 60 ml serum bottle 
 
 
5.3.4 Analytical methods 
Chloroethenes and ethene were measured with a gas chromatograph (GC-
6890, Agilent, Wilmington, DE, USA) equipped with a flame ionizing detector 
and a capillary column (GS-GasPro, 30 m × 0.32 mm × 0.25 μm film thickness, 
J&W Sci, Folsom, CA, USA). The oven temperature was initially held at 50 ºC 




5.3.5 DNA extraction and PCR screening 
Genomic DNA was extracted from 1 ml of cell pellets collected from and 
original samples, dechlorinating cultures as well as the controls with Qiagen 
DNeasy Blood and Tissue Kit (QIAGEN GmbH, Hilden, Germany) as described 
in the manufacturer's instructions, except that 45 μl of proteinase K (25 mg ml−1), 
20 μl of lysozyme (100 mg ml−1) and 10 μl of achromopeptidase (25 mg ml−1) 
were added to improve cell lysis (Chow et al., 2010). The concentration of the 
nucleic acid was determined by a Nanodrop-1000 instrument (NanoDrop 
Technologies, Wilmington, DE, USA). The extracted genomic DNA was then 
used as a template for the PCE screening of genus-specific primers and 
chloroethene RDase genes. The primers used in this study are shown in Table 5.2. 
PCR amplifications of these 16 S rRNA gene sequences were conducted on a 
MastercyclerHcycler (Eppendorf, Hamburg, Germany) under conditions as 
described previously (Ding & He, 2012). The PCR products were subsequently 
visualized on a Molecular Imager Gel Doc XR System (Bio-Rad, CA, U.S.A.). 
 
5.3.6 qPCR assay 
A SYBR® green quantitative real-time PCR (qPCR) (ABI 7500 Fast real-
time PCR system; ABI, Foster City, CA, USA) assay was performed in triplicates 
for PCE dechlorinating cultures by using Bacteria and dehalorespirator 16 S 
rRNA gene-targeted primers. The primer sequences used in this study were shown 
in Table 5.2. A calibration curve was obtained by using 10-fold serial dilutions of 
known plasmid DNA concentrations. The standard curves spanned a range of 102 
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to 108 gene copies per ml of template DNA with a R2 linear regression of 99.9%. 
Nuclease-free water or plasmid without an insert was used as the negative control. 
 
Table 5.2 Primers used in this study (Ding & He, 2012). 
 


























































































5.3.7 Illumina high throughput sequencing analysis of 16 S rRNA genes 
To analyze the taxonomic composition of MEC setups and enriched 
cultures with same sources, the V3 region of the 16 S rRNA gene (from base 334–
533, E.coli numbering) was chosen for PCR amplification with the eubacteria 
primer sets containing barcode sequences, 341F (5’-Fusion A-Barcode-
ACTCCTACGGGAGGCAGCAG-3’) and 533R (5’-
TTACCGCGGCTGCTGGCAC-3’). A total of 4 bar-coded forward primers were 
used to differentiate the individual samples. Amplified PCR products were 
purified by using QIAquick PCR purification kit (QIAGEN, GmbH, Germany) 
according to the manufacturer’s instructions. Then the 4 PCR samples with equal 
amounts were mixed together for subsequent Illumina high throughput 
sequencing. Illumina (Highseq2000, Illumina, San Diego, CA, USA) high 
throughput sequencing services were provided by BGI (Hongkong, China). Raw 
sequencing reads were checked for their quality through elimination of sequences 
that did not perfectly match the proximal PCR primer and that with short 
sequencing length (<130 nt). Pair-end reads were combined to form longer 
composite reads by using the SHERA (Rodrigue et al., 2010) software package. 
Sequence alignments were conducted with each subset reads based on NAST 
(DeSantis et al., 2006), and with other settings kept at their default values as 
described (Hong et al., 2010). After NAST alignment, aligned subsets were 
merged into one Microsoft Excel file, in which sequences were clustered (based 
on 97% of sequence similarity) according to template ID. Manual adjustments 
were performed to improve the alignment and clustering whenever necessary. 
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Representative sequences for each cluster were identified through Classifier 
(Wang et al., 2007) and BLAST analysis (Altschul et al., 1990), which were 
further utilized to construct phylogenetic tree by using MEGAN5 (El Hadidi et al., 
2013). Relative abundances of predominant bacterial genera were also showed by 
using MEGAN5. 
 
5.4  Results and discussion 
5.4.1 PCR screening of originals samples and PCE enrichment 
Soil, sediments and sludge samples collected from 10 locations were 
screened with Dehalococcoides spp. 16 s rRNA gene primer to evaluate the 
potential of dehalogenating capability of these sources. These sources were 
potentially contaminated by halogenated compounds and were selected to reach 
better dehalogenating profile for PCE and lactate enrichment. The original PCR 
screening results showed that out of 10 samples, samples 1, 2, 3, 4, 5, 6, 9, 10 
were detected with the existence of Dehalococcoides spp. Therefore these 8 
samples were used as inoculu in microcosm studies to screen their capabilities of 
dechlorinating PCE. After about 1 months of incubation, 6 out of 8 microcosms 
revealed PCE dechlorination activities (figure 5.2), with distinct efficiency and 
different pathway. After several transfer, enriched culture 1 and 2 could reach 
complete PCE dechlorination to cis-DCE in one week, however further 
dechlorinaton activity could not be detected in later incubation. Culture 3 was 
able to dechlorinate PCE to VC within 2 weeks. Besides in culture 4, very slow 
increasing of ethene was detected after most amount of PCE was dechlorinated to 
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VC. Interestingly, as shown in figure 5.2, culture 9 and 10 was able to completely 
dechlorinate PCE to ethene in another distinct pathway with trans-DCE as 
intermediates. The different kinetic curves of 6 enriched microcosms could be 
explained by the differences between these sources and biological data in latter 
discussion. Among the 6 active microcosms, culture 1, 2, 3 showed extensive 










Figure 5.2 Kinetic curves of 6 microcosms (culture 1, 2, 3, 4, 9, 10) with 





5.4.2 Functional gene characterization 
To further explain the different pathways detected in these active 
microcosms, the genomic DNA of these 6 cultures were screened with all existing 
reductase gene primer involved in PCE dechlorination to ethene (Table 5.2). The 
results demonstrated that even with the existence of certain functional gene, the 
relative pathway was not necessary to be expressed. For example, with the 
existence of genes detected in culture, it should be able to dechlorinate PCE to 
ethene, however it was totally not the case. Besides, mbrA gene almost existed in 
all culture but trans-DCE only detected in culture 9 and 10. In my opinion, 
transcriptomic analysis were needed for future experiment to confirm the actual 
expression of functional genes in these cultures. 
Table 5.3 PCR results of functional genes characterization. 
 
Gene Function 1 2 3 4 9 10 NC 
pceA PCE → TCE  √  √    
tceA TCE → cis-DCE → VC √ √ √ √ √ √  
vcrA VC → Ethene √  √ √ √ √  
pteA PCE → TCE  √ √ √ √ √  
bvcA VC → Ethene  √      
mbrA PCE → TCE → trans-DCE √ √  √ √ √  




5.4.3 Identification of PCE dechlorinators in microcosms 
To acquire information on the possible PCE dechlorinators present in the 
active microcosms, PCR amplifications were conducted with genus-specific 
primers for the 16 S rRNA genes of known PCE dechlorinating bacteria. 
Conventional PCRs were first conducted and check gel electrophoresis to figure 
out the microbial composition of these 6 cultures. The results are shown in table 
5.4. It was not surprising to find that Dehalococcoides could be detected in each 
culture since it is the most common dehalorespirator. Interestingly the microbial 
compostion of each culture regarding dehalorespirators was quite diverse, 
Desulfovibrio, Desulfomonile, Geobacter, Desulfitobacterium and Acetobacterium 
could also found in each microcosm. No Dehalobacter was found in any culture 
because it is obligate dehalogenator which cannot exist in any oxygenic 
environment and most of these sample sources were not strict anaerobic. Besides, 
reductive dehalogenation is the only pathway that Dehalobacter can survive 
therefore it is really hard to find Dehalobacter in natural environment. This 
dehalorespirator was first isolated from an anaerobic fluidized bed reactor 
dechlorinating PCE (Holliger et al., 1998). Therefore it is possible we can isolate 
this microbe in highly contaminated area. On the other hand, some dechlorinating 
bacteria are able to maintain dehalogenation activities in low substrate 
bioavailability, which shall be easier to be isolated by using the traditional serial-
dilution-to-extinction method compared to dechlorinators requiring sediment-
substitutes. Therefore the biodiversity of these cultures was quite complex. 
Comparing with acetate or/and formate used in previous studies (Adrian et al., 
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2009; Bedard et al., 2006; Bedard et al., 2007), lactate serves as an excellent 
carbon source to support the formation of robust PCE-dechlorinating microbial 
consortia in the absence of sediments or sediment substitutes. This possibly is due 
to the lactate-supporting syntrophic bacteria for maintaining PCB dechlorination 
by supplying metabolic elements, such as amino acids and vitamins 
by Clostridium and fatty acids by Syntrophus.  
Table 5.4 Conventional PCR results of genus specific primers. 
 
Target genus 1 2 3 4 9 10 NC 
Dehalococcoides √ √ √ √ √ √  
Dehalobacter        
Desulfovibrio √ √ √ √ √ √  
Desulforomonas  √  √ √ √  
Anaeromyxobacter √ √ √  √ √  
Desulfomonile √ √ √ √ √ √  
Geobacter lovleyi √ √ √ √ √ √  
Desulfitobacterium √ √ √ √ √ √  
Sulfurospirillum √ √ √   √  
Acetobacterium √ √ √ √ √ √  




5.4.4 Microbial distribution of dehalogenators in enriched cultures 
To extensively study the microbial distribution of dehalorespirators in 
these 6 microcosms, qPCR was conducted to quantify different dehalogenators 
with relative 16s rRNA genes. The microbial distribution (Figure 5.3) of 6 
microcosms showed that Dehalococcoides dominated in culture 3, 4, 9, 10 
(>50%), suggesting that these 4 cultures possessed highly enriched 
dehalogenators. Besides, Desulfovibrio occupied certain amounts in each culture 
(~4%), as well as Geobacter (~5%). These 3 genus of dehalorepirators consisted of 
a big portion of the total microbial community in 4 cultures, however as we can 
observe in culture 1 and 2, huge portion of microbial community still remained 
“others” (~90%). This means that either these two cultures were highly enriched 
with other strains, such as H2 forming bacteria, or some unknown new 
dehalogenators remained undetected. Regarding the sources of each culture, 
culture 3, 4, 9, 10 are either sludge samples or sediments, which significantly 
possess a various biodiversity so that the availability to enrich dehalogenators was 
largely increased during incubation. Culture 2 containing the largest amount of 
Geobacter (7.38%) can be explained by its origin from a microbial fuel cell. On 
the other hand, only culture 1 and 3 tends to possess some small percentage of 
Sulfurospirillum (~0.5%). Since Sulfurospirillum are mostly isolated from 
wastewater sludges, they could be detected in these two cultures due to their 
origins from aerobic wastewater sludge. In fact, culture 3 is a quite successful 
enrichment with high amount of dehalogenators in its total microbial community 
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5.4.5 PCE dechlorination in Single chamber MEC 
From the last chapter we can see this MEC design can significantly 
increase the production of electron donor (H2 or electron + proton), which 
stimulates most microbial processes limited by electron donors. Therefore it is 
possible to increase PCE dechlorination by applying this setup into onsite 
treatment of contaminated area or downstream treatment of wastewater. In this 
part 2 enriched cultures were selected as inocula for MEC experiments. One is 
culture 2 originated from MFC reactor and the other is culture 3 enriched from 
wastewater sludge. By looking at culture 2 MEC (Figure 5.4), we were surprised 
to find that the complete PCE dechlorination to ethene was achieved, while the 
positive control (normal enrichment) still ended at cis-DCE like previous cultures. 
As is shown by the functional gene PCR, this culture should have the capability to 
do complete PCE dehalogenation; however this result was only obtained in MEC 
reactors. Besides, we can see after 25 days, almost all the PCE was dechlorinated 
to ethene in MEC reactor and intermediate such as cis-DCE could be only 
detected in the early stage or incubation. TCE and VC remained at the very low 
concentration. It is obvious that the continuous supply of electron donors in MEC 
stimulated the growth of anaerobes which can dechlorinate cis-DCE to ethene. 
And this is why only cis-DCE was the detectable intermediates during incubation.  
On the other hand, the kinetic pathway in culture 3 (Figure 5.5) was not 
expanded by MEC configuration, but the efficiency was largely improved. 
Complete dechlorination of PCE to VC could be achieved in 10 days, with every 
low level of intermediates detected. This is even faster that lactate enrichment 
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(>15 days). Meanwhile in traditional acetate enrichment, dechloriantion still 
remained uncomplete after 30 days. Intermediates cis-DCE remained at high 
concentration during the incubation. With the comparison of these two sources we 
can preliminarily conclude that using MEC for onsite treatment can significantly 
improve efficieny of reductive dechlorination of PCE, even reach complete 
dechlorination to nontoxic ethene. These advantages of using MEC for PCE 





Figure 5.4 Comparison of PCE dechlorination in MEC and normal 
enrichment regarding culture 2. Reactor was applied with 1V overall 





Figure 5.5 Comparison of PCE dechlorination in MEC and normal 
enrichment regarding culture 3. Reactor was applied with 1V overall 





Figure 5.6 Negative control PCE dechlorination in MEC. Reactor was 
applied with 1V overall potential. Acetate was used as carbon source and no 
inoculum was added. This figure confirmed that reductive dechlorination in 
MEC is actually a biological conversion rather than chemical degradation.  
 
 
5.4.6 Microbial identification of MEC reactors 
To have a comprehensive understanding and comparison of the microbial 
community in MEC reactors and normal enriched cultures, Illumina high 
throughput sequencing analysis was conducted to reveal their phylogenetic 
compositions. Results showed that the MEC culture 2 was comprised mainly 
of Geobacter, Aminivibrio pyruvatiphilus, Dehalococcoides mccartyi, 
acetobacterium, small amounts of dehalobacter restrictus and other strains 
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(Figure 5.7). The main dehalogentors in this culture should be Geobacter, 
Dehalococcoides mccartyi, acetobacterium and dehalobacter restrictus. As is 
known to all that is the only group of bacteria capable of complete dechlorination 
of PCE and/or TCE to ethene, the stimulation of its growth in MEC might be the 
reason that ethene is the end of products in this reactor. Besides, the presence 
of Dehalococcoides even in low copy numbers indicates the potential for 
complete reductive dechlorination. Then the reason why ethene could not be 
detected in the normal enrichment might refer the availability of electron donor. 
In MEC system, electrons were continuous provided for microbes to take up, 
which accelerating the dechlorination process. The microbial community in 
acetate and H2 enrichment was quite simple, dominated by acidaminobacter 
hydrogenoformans and Aminivibrio pyruvatiphilus. Aminivibrio pyruvatiphilus 
was report to have similar genome with polychlorinated biphenyl-dechlorinating 
culture and acidaminobacter hydrogenoformans conexist with PCE 
dechlorinating bacteria.  
Similar as culture 2, the phylogenetic results of culture 3 (Figure 5.8) 
appears to be more bio-diversified in MEC setup than normal enrichment. The 
difference is that Dehalococcoides mccartyi became the main dehalogenator with 
large portion. Geobacter could not detect because the source of this culture is 
wastewater sludge, not like culture 2 from MFC where Geobacter should 
dominated. The normal enrichment of culture 3 was also composed of 
acidaminobacter hydrogenoformans and Aminivibrio pyruvatiphilus. Either 
dehalogenators maintained at very low biomass like figure 5.3 implied so that 
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during the pyrosequencing the reads were too less to be obtained as intuitionistic 
data, or these dominant strains have the capability to dechlorinate PCE. These 







Figure 5.7 Phylogenic analysis of microbial community of MEC (left) and normal enrichment (right) regarding culture 2 








5.5  Conclusion 
This is an interesting study to a novel single-chamber microbial 
electrolysis cell and environmental sources as biomass to dechlorinate 
polychlorinated organic pollutant PCE. This process simulated potential 
difficulties in onsite treatment and turned out to provide a helpful solution by 
using this MEC setup for PCE reductive dechlorination. With only 1V applied 
potential and certain carbon source added, PCE dechlorination could be 
accelerated and the risk of producing toxic intermediates was considerably 
reduced. The bio-diversity and continuous electron donor supply achieved by 
MEC stimulation provide a better environment for reductive dechlorination. This 
study provides a potentially cost-effective approach for reductive dehalogenation 
through bioelectrocatalysis. Further physiology studies on new dehalorespiring 





Conclusions and recommendations 
6.1 Conclusions 
The work of this thesis work was originated from the novel 
biotechnologies and process designs involved in biofuel production and 
bioremediation. In brief summary, the methanogenic activities in Singapore 
mangrove sediments were deeply and thoroughly studied to evaluate the 
potentials for future strain isolation and biogas generation, and it was also crucial 
for understanding the global methane fluxes and their contributions to global 
warming. After that, by applying a novel cost effective single-chamber 
membraneless microbial electrolysis cell, a pure culture of M. paynteri was able 
to reduce CO2 to produce CH4 using in situ produced H2 as electron donor. 
Meanwhile, to further explore the application of this single-chamber MEC, it was 
applied to dechlorinate polychlorinated organic pollutant PCE by using 
environmental sources as biomass. The key conclusions achieved in this study are 
listed below. 
A thorough investigation of the abundance of the methanogens residing in 
different depths of mangrove sediments was conducted to evaluate future biogas 
production, understanding the global methane fluxes that occur in the mangrove 
ecosystems and their contributions to global warming. This study identified 
different distributions of methanogenic activities by quantfying of the mcrA gene. 
1) The high abundance of mcrA gene level at most station reflected the 
high potential for methane production, possibly with low acetate and 
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high methylated C-1 compounds as the available substrates. The 
abundance of methanogenic activity at the locations affected by 
anthropogenic activities was significantly different from that in the 
pristine SJ. 
2) A decline in the number of total methanogens was observed along the 
vertical profile in SC, which was heavily contaminated by ammonia 
due to algal bloom.  
3) The overall heterogeneity of the methanogenic activities residing in 
the tropical mangrove sediments could be largely explained by the 
effect of NH4+, as well as the concentrations of NO3-, Mg and Ca.  
After studied the methanogenic activities in natural mangrove sediments 
along the coastline of Singapore, a pure culture of M. paynteri (which was 
originally isolated from marine sediment) was studied to reduce CO2 to produce 
CH4 using in situ produced H2 as electron donor in a cost effective single-
chamber membraneless MEC. No soluble carbon source was used so the 
expensive biomass processing cost was saved.  
4) A CH4 production rate of 716.2 mmol CH4/d/m2 was achieved with 
pure culture of M. paynteri under -1.7 V and 37 ℃.  
5) Overall potential configuration (1.0V – 2.0V) was deeply studied to 
meet the requirement of cathode potential for biomethane production. 
6) With the optimized conditions of electrode materials (carbon materials 
such as graphite plate), applied potential (1.7 V), and operating 
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temperature (37 ℃), high CH4 production rates were observed with 
CO2 as the only carbon source and electricity as the only energy source.  
7) Provide a potentially cost-effective approach to reduce CO2 through 
bioelectrocatalysis.  
And to further expand the application of this single-chamber microbial 
electrolysis cell, it was thus utilized with environmental sources as biomass to 
dechlorinate polychlorinated organic pollutant PCE. This process simulated 
potential difficulties in onsite treatment and turned out to provide a helpful 
solution by using this MEC setup for PCE reductive dechlorination.  
8) Different sources such as sludge, soil and sediments was screened for 
exploring the potential use as dechlorinating biomass and enriched by 
PCE. Interesting pathways were observed during PCE dechlorination 
with different sources. 
9) As confirmed by PCR and qPCR, possible dehalorespirators were 
identified and the microbial distribution was studied. Dehalococcoides 
still dominated in most microcosms. 
10) With only 1V applied potential and certain carbon source added, PCE 
dechlorination could be accelerated and the risk of producing toxic 
intermediates was considerably reduced. The bio-diversity and 
continuous electron donor supply achieved by MEC stimulation 
provide a better environment for reductive dechlorination.  
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11) Provide a potentially cost-effective approach for reductive 
dehalogenation through single-chamber MEC rather than traditional 
long-term biomass enrichment. 
In conclusion, this work has fulfilled its objectives and provides new 
insights into applying new biotechnology to biofuel generation and 
bioremediation. These studies serve as a solid knowledge-base for future work to 
apply the novel bioelectrochemical systems to industry sectors. 
 
6.2 Recommendations 
In Chapter III, whether the anaerobic methanogens present in the 
shallower layers of sediments (which are potentially oxygenated) are actively 
involved in methane production or not is still not clear. To further our 
understanding of the function and activity of methanogens in mangrove 
sediments, a more detailed survey of the active members and the different 
substrates they utilize, as well as their associated methane-production rate is 
required. 
In Chapter IV, the microbial information of strain M. paynteri such as 
biomass level, protein translation, gene transcription and how microbes harvested 
electrons from electrodes still remained unclear. Cost analysis might also be 
needed for future scaling up. Further physiology and molecular microbiology 
studies on CO2 reduction using hydrogenotrophic methanogens and detailed cost 
analysis are needed. 
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In Chapter V, whether the dehalorespirators could directly harvest 
electrons from electrode or they used produced hydrogen instead was still 
unknown. Transcription study of functional genes in PCE dechlorination might 
serve to compare different expressions in MEC and normal biomass enrichment. 
Further molecular microbiology studies on new dehalorespiring strain 
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